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 Carbon nanotubes (CNTs) possess fantastic physical and chemical 
properties, including: excellent electrical conductivity, high surface area, 
remarkable mechanical strength and good chemical stability. This makes them 
potential candidates for electrochemical energy storage devices. In this thesis, 
CNT composites with different structures were explored as supercapacitor 
electrodes. A cost-effective method has been developed, using urea as a 
hydrolysis agent, to prepare powder based nickel hydroxide/CNTs with a flaky 
nanostructure. The fabricated electrodes, made from the CNT composite, 
polymer binder and ethylene carbon, achieved a specific capacitance of over 
700 F g-1. Later, two-dimensional (2D) binder-free CNT films and their 
derived nickel hydroxide composites were developed for supercapacitor 
electrodes. Due to the interconnected CNTs, a higher specific capacitance of 
over 1000 F g-1 was reached. Finally, a sol-gel synthesized three-dimensional 
(3D) CNT structure was explored for supercapacitor electrodes. The 3D 
distributed CNT network served as an excellent scaffold for the 
pseudocapacitive nickel hydroxides and manganese oxides, reaching an 
enhanced specific capacitance of over 1200 F g-1 and an improved cycling 
stability, because of better electrical conductivity. This thesis is significant in 
revealing the roles of CNT structures in determining the electrochemical 
performance of supercapacitors. A better structure and binder-free design can 
clearly improve the device performance. The engineered CNT structure is not 
only suitable for supercapacitor applications but also can be extended to other 
applications, such as batteries, fuel cells and electrocatalysis devic
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Chapter 1 : Introduction 
 
This chapter gives a brief introduction of supercapacitors and carbon 
nanotubes (CNTs). Currently, supercapacitors have attracted much attention 
for their moderate specific power and energy. They play a significant role to 
bridge the physical capacitor and chemical batteries. The background, working 
principles and classifications of supercapacitors are briefly introduced. Later, 
the intrinsic properties and structures of CNTs are also discussed. The 




1.1.1 Background of supercapacitors 
With the development of the global economy, the requirement for 
energy has increased dramatically. Traditional energy sources such as petrol, 
coal and natural gas encounter the challenge of having limited natural 
abundance [1]. To solve this problem, many efforts have been focused on the 
development of renewable energy sources such as solar, wind and geothermal 
energy [2].  However, the power output of these energy sources fluctuates with 
environmental variables and this presents a difficulty in merging them with the 
power grid. Therefore, various energy storage devices have been developed in 
order to store energy at off-peak periods and release it at on-peak periods [3]. 
As illustrated in Figure 1.1. The power-consumption for 8 to 24 o’clock (red 
part) is much higher than that during 0 to 8 o’clock. Hence, power generated 
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during the off-peak time (0 – 8 o’clock) can be stored and, then, be released 
them at “on-peak” period. Given a distributed smart grid, electrochemical 
energy storage (EES) is much more suitable, compared with other mechanical 
storage units, such as the fly wheel and compression pump [4]. 
 
Figure 1.1 Illustration of the electrochemical storages for leveling power load 
[5]. (Reproduced with permission from Ref. 5, Copyright (2009) Elsevier.)  
 
The rapid growth in information technology brings about various 
portable electronic devices such as laptops, smartphones and tablet computers. 
With increased computation power, critical demands for energy storage have 
also been raised.  These devices need energy units with high specific energy, 
considering the limited size and weight of electronic devices. In addition, a 
fast charge/discharge speed, as well as a long cycling life, are also important 
to extend the standby time of these electronic devices. Compared with other 
energy storage devices, EESs are frequently used for these applications 
because of their compact design, with easily customizable sizes and shapes [1]. 
Current EES devices mainly include fuel cells, batteries and 
supercapacitors [6]. For fuel cells, through transferring the combustion reaction 
over to electrochemical reactions, they can obtain a very high specific energy 
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of over 500 Wh kg-1 [7] . However, most fuel cells suffer from a low specific 
power of 10 ~ 100 times smaller than that of batteries, possibly due to a 
sluggish oxygen reduction reaction (ORR) and a poor internal ionic diffusion 
[8,9]. Compared with fuel cells, the simple structure and superior power 
performance make batteries popular in various electronic devices.  
Batteries can be categorized as primary and rechargeable batteries, 
depending on the number of charge/discharge cycles [10]. Among various 
batteries, lithium ion batteries (LIBs) have attracted much attention due to 
their high energy densities of 100 ~ 200 Wh kg-1 and small structural 
degradation during charge/discharge processes [11,12]. However, for LIBs, their 
specific power of around 1000 W kg-1 is still unsatisfactory, because of a 
sluggish lithiation/delithiation process [13]. Moreover, there are serious safety 
issues in LIBs because of the flammable organic electrolyte applied, where the 
elevated working temperature during working conditions may cause serious 
explosions [14]. The main problems of LIBs can be solved or alleviated by 
using supercapacitors as replacements or auxiliaries [15]. The power and energy 





Figure 1.2 Ragone plot of various energy storage devices [16]. (Reproduced 
with permission from Ref. 16 Copyright (2008) Nature Publishing Group.) 
 
1.1.2 Working principles of supercapacitors 
Components of supercapacitors generally include current collectors, 
electrodes and separators. The current collectors take the responsibility to 
transport electrons from the outer circuit to the electrode materials. The 
separators play the role of separating electrode materials to prevent short 
circuits. The electrodes inside supercapacitors are responsible for energy 
storage [17]. 
There are two working principles for supercapacitor electrodes to store 
energy [18]. The first is to store energy via an electrochemical double layer 
established at the electrode/electrolyte interface (known as the Holzheman 
layer) [19]. As seen in Figure 1.3, when placing electrodes at a certain potential, 
ions of opposing charges move to the opposite electrodes and build the ionic 
double layer. In this way, a supercapacitor can be regarded as a connection of 




Figure 1.3 Charge storage of a electrochemical double layer capacitor [20] 
(Reproduced with permission from Ref. 20, Copyright (2006) Elsevier.) 
 
The capacitance of an electrode can be described by Eq. 1.1, where C  
(F) is the capacitance,  r  the dielectric constant, 0  (F m-1) the vacuum 
dielectric constant, d  (m) the distance of the electrochemical double layer 
and A  (m2) the total surface area of the electrode. Given that the carbon based 
electrode can reach a specific surface area (SSA) of as high as 2000 m2 g-1, the 
specific capacitances are therefore around 150 F g-1 [21]. This type of 
electrochemical device is named as an electrochemical double layer capacitor 
(EDLC). Benefiting from a physical storage mechanism, this type of 
supercapacitor can reach a lifespan of above 100 000 cycles [22] while the 
traditional batteries are only around 200 cycles [23,24]. Due to the linear 
charge/discharge properties, the energy storage of a supercapacitor can be 
determined by Eq. 1.2, where E  ( J ) is the energy and V (V ) is the operation 




                                                  (1.1) 
21
2
E CV                                                  (1.2) 
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In addition to the double layer capacitance, Faradaic redox reactions 
can be utilized to store energy inside the supercapacitors. Based on this 
principle, supercapacitors can also work via a rapid redox reaction, where 
charge storage proceeds accompanied with the valent changes of electrode 
materials. This type of supercapacitor is named as a pseudocapacitor. 
Compared with EDLCs, pseudocapacitors usually possess higher specific 
capacitances of more than 300 F g-1, but a lower lifespan of less than 10 000 
cycles [25]. 
 
1.1.3 Classifications of and generic composition of supercapacitors           
Based on the working principles of the electrodes, supercapacitors can 
be classified as EDLCs and pesudocapacitors [16] as previously mentioned. 
Because the performance of EDLCs is dependent upon surface area, the 
electrode materials for EDLCs mainly include activated carbon, graphene and 
CNTs, due to their relatively high SSA [26]. For pseduocapactitors, metal 
oxides and hydroxides can be selected as electrode materials, that function via 
a valence changing process [27]. Additionally, conducting polymers such as 
polyaniline, polypyrrole and polythiophene can be used as pseudocapacitve 
materials, because of a redox doping/dedoping process [28]. 
Supercapacitors can also be categorized as aqueous or organic, based 
on the electrolyte employed. An aqueous electrolyte refers to a solution using 
water as a solvent. Traditional aqueous electrolytes are potassium hydroxide 
(KOH), sulfuric acid (H2SO4), and sodium sulfate (NaSO4) solutions 
[29]. For 
organic electrolytes, common solvents are propylene carbonate (PC), diethyl 
carbonate (DEC) and acetonitrile (AN), while common solutes include 
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perchlorate and fluoride salts. Compared with organic electrolytes, aqueous 
electrolytes are limited by a potential window of lower than 1.23 V, due to 
electrolyte decomposition [30]. However, they possess a higher specific power, 
because of better ionic conductivity. Also, aqueous electrolytes are much safer, 
due to their incombustible nature. More recently, various ionic electrolytes 
including imidazolium, pyridinium and quaternary ammonium have been 
utilized for supercapacitor applications [31]. 
Based on the configuration of electrodes, supercapacitors can be 
described as symmetric, consisting of two identical electrodes, or asymmetric 
supercapacitors, employing different anode and cathode types. The main merit 
of asymmetric supercapacitors is their large working potential, due to the 
different decomposition potentials of electrolytes at the electrodes. With this 
asymmetric configuration, the operation potential can be further extended to 
above 1.6 V using aqueous electrolytes [30]. 
 
1.2 Carbon Nanotubes (CNTs) 
CNTs have attracted great attention because of their excellent electrical, 
mechanical, thermal and optical properties [32–34], which render them as 
promising candidates for supercapacitor applications [35].  
 
1.2.1 Properties of CNTs 
CNTs can be regarded as wrapped hexagonal-cylindrical graphene 
tubes. Based on the number of wrapped sheets [36], CNTs can be classified as 
single-walled nanotubes (SWNTs) [37], double-walled nanotubes (DWNTs)  or 
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multi-walled nanotubes (MWNTs) [38].  Among them, SWNTs present tunable 
electrical properties, due to their variable electronic structures.  
There are two types of SWNTs, based on the chirality determined by 
the wrapping direction. The first is the semiconducting SWNT, possessing a 
band-gap from 0.55 to 1.9 eV [39]. This semiconducting nature makes SWNTs 
promising candidates for various electronic devices [40–42] due to the existence 
of bandgaps. The other type is the metallic SWNT, which owns a closed-band 
structure, and can deliver a high electrical conductivity of 106 S cm-1 
experimentally [43]. Besides excellent electrical properties, SWNTs also 
present high thermal conductivities of 3500 W mK-1 [44]. Owning to their 
various chiralities, SWNTs also present tunable optical properties, enabling 
applications for adsorption and charge transfer layers in organic solar cells.  
For DWNTs and MWNTs, they generally exhibit metallic properties 
due to inter-wall interaction [45]. Their electrical conductivities are in the range 
of 104 to 105 S cm
-1 [32]. They also have a high thermal conductivity of 3000 W 
mK-1 [33]. Benefiting from a low optical absorption coefficient and high 
electrical conductivity, they show great potential as transparent electrodes [46].  
 
1.2.2 Applications of CNTs 
Due to their graphitic hexagonal structure, CNTs have a high Young’s 
modulus and high mechanical strengths. Therefore, they can be used as 
mechanical strengthening phases. Individual CNTs can be assembled into 
macroscale monoliths such as films and fibers. The mechanical strength of 
these monoliths can reach as high as 1 GPa [47,48]. They can also be added to 
various polymer composites to enhance their mechanical performance [49].  
9 
 
Owing to the semiconducting properties of SWNTs, various electronic 
logic devices have been developed based on SWNT P-N junctions [50]. Also, 
the self-assembled SWNT fibers can be directly used as wires to transport 
signals and electrical power [51]. Aligned CNTs have low light absorption 
coefficients, rendering them potential candidates as counter electrodes for 
solar energy applications [52]. More frequently, they are simply utilized as 
conducting additives in composites to enhance overall conductivity [53].  
Based on these fantastic physical and chemical properties of the CNTs, 
they can be used as supercapacitor electrodes. Although endowed with an 
ultrahigh electrical conductivity, CNTs have drawback of relatively low 
experimental surface area (100 ~ 300 m2 g-1) compared with the activated 
carbon (1000 ~ 2000 m2 g-1). Therefore, pseudocapacitive materials might 
have to be incorporated into CNTs to form composites for supercapacitor 
applications [54]. 
 
1.2.3 Synthesis of CNTs 
The arc-discharge method is firstly developed to synthesize CNTs [55]. 
In this method, two identical graphite rods are used as the anode and cathode, 
respectively. Once a stable arc is achieved between both electrodes, the anode 
is consumed to generate carbon vapor, which is then deposited at the graphite 
cathode to form CNTs. The properties of the CNTs can be tuned by the size of 
the graphite rods. It was also found that by doping the graphite rods with 
metallic nanoparticles as the catalyst, the purity of the product could be further 
improved [56,57].  
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The laser-ablation method also has been used for the synthesis of 
CNTs [58]. In brief, an intensive laser beam is focused on the metal-doped 
graphite target. The instant high temperature leads to the evaporation of 
surface carbon, which deposits on certain substrates in the form of CNTs and 
other carbon allotropes [59,60]. Both the arc-discharge and laser-ablation 
methods result in high impurities, including a large amount of amorphous 
carbons and metallic residues, for which complicated methods have to be 
employed to achieve the pure CNT products. To overcome this challenge, the 
gaseous phase based chemical vapor deposition (CVD) was developed to 
synthesize carbon nanotubes [61].  
In the CVD process, substrates such as silicon wafers are sputtered 
with a thin layer of iron as catalyst. Acetylene, ethylene and other carbon 
based gases are used as carbon feedstock. When heating the substrate under 
high temperature with the flow of the feedstock gases, the carbon based 
precursors undergo catalytic decomposition and are absorbed by the metal 
particles. Afterwards, the saturated carbon atoms in the metal precipitate out to 
be CNTs. The resultant SWNTs, DWNTs or MWNTs in this method usually 
possess high purity [62]. 
      
1.3 Objectives of Thesis 
In this thesis, CNT nano-composites with different dimensions are 
investigated for supercapacitor applications. The main objectives of the thesis 
are listed below: 
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(1) Develop a facile method to synthesize CNT composites in 
powdered form, and investigate the roles of the pseudocapacitive materials 
(with specific capacitances of over 500 F g-1) in composite performance.  
(2) Develop 2D CNT film composites with interconnected nanotubes 
and its derived composite for better energy and power performance. 
(3) Develop novel 3D CNT structures and related composites for 
supercapacitor application, in order to further increase the mass loading (> 2 
mg cm-2) and better cycling stabilities (>1000). 
                 
1.4 Organization of Thesis 
In this thesis, Chapter 1 briefly introduces the background of 
supercapacitors, including their working principles and classifications. Also, 
the basic information of CNTs concerning their structures, applications and 
synthesis are provided in this chapter.  
Chapter 2 presents a literature review of CNT based materials for 
supercapacitor applications. Both pristine CNTs and their composites in the 
field of supercapacitors are discussed. The roles of CNT structures in these 
composites are thoroughly analyzed.  
Chapter 3 introduces the methodology, including sample preparation 
and characterization. Firstly, the methods of synthesis for samples are 
described. Then, general characterization techniques, including X-ray 
diffraction (XRD), electron scanning microscopy (SEM), transmission 
scanning microscopy (TEM), and isothermal adsorption are introduced. 
Finally, details of the electrochemical measurements, and equations for the 
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calculation of specific capacitance, specific energy as well as specific power 
are given. 
Chapter 4 focuses on the results and discussion on the powder based 
Ni(OH)2/CNT composites for supercapacitor application. A brief discussion of 
the growth mechanism of Ni(OH)2 on CNTs is given. Then, the structure and 
electrochemical performance of this composite are investigated. 
Chapter 5 discusses the 2D film-like Ni(OH)2/CNT composites 
concerning supercapacitor application. In the absence of the polymer binder, 
the directly deposited Ni(OH)2, on CNT films with better electrical 
conductivity, is believed to improve the electrochemical performance of the 
composites. 
Chapter 6 develops the discussion of the CNT composite to a 3D 
structure, in which the CNT scaffold is initially achieved through a sol-gel 
method. The 3D-configured structures significantly increase the mass loading 
of the pseudocapacitive Ni(OH)2, and thus, enhances its supercapacitor 
performance.  
Chapter 7 investigates Mn3O4, instead of Ni(OH)2, as a 
psedocapacitive material to demonstrate the advantages of the 3D CNT 
scaffold. In comparison, the performance of Mn3O4 on nickel foam is also 
analyzed. 
Chapter 8 summarizes the novel and major findings in this thesis. 






Chapter 2 : Literature Review 
         
2.1 Introduction 
In this chapter, the applications of CNTs and their composites in the 
field of supercapacitors are reviewed. Pristine CNT based materials for 
supercapacitor applications are discussed, to understand the relations between 
CNT properties and their electrochemical performance. This chapter follows a 
sequence from low- to high-dimensional structures of CNT and CNT based 
composites for supercapacitor applications. The analysis of pseudocapacitive 
materials mainly focuses on nickel hydroxides (Ni(OH)2) and manganese 
oxides (MnOx) because of their remarkable pseudocapacitive properties 
[25]. 
Other pseudocapacitive materials, such as multi-cation metal oxides and 
conducting polymers, are briefly discussed to reveal the current progress of 
CNT composites in supercapacitor applications. Finally, the current challenges 
of CNT based supercapacitors are discussed. 
 
2.2 CNTs for Supercapacitor Applications 
Because of the high electrical conductivity and good mechanical 
strength of CNTs, extensive efforts have been made in the investigation of 
using them as key components in supercapacitor electrodes [63]. SWNTs 
possess a high theoretical specific surface area (SSA) of 1315 m2 g-1, which is 
half that of graphene. Therefore, the specific capacitance of SWNTs should be 
around 150 F g-1 [35]. For DWNTs and MWNTs, their SSAs can be calculated 
by dividing the surface area of SWNT by the number of walls [64]. For 
example, MWNTs with more than 5 walls usually have a SSA of less than 260 
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m2 g-1. The small SSA leads to low specific capacitances. It also should be 
recognized that, compared with metallic nanowires such as copper and 
aluminum nanowires, MWNTs show similar metallic properties with a 
competitive electrical conductivity, as well as a higher surface area [65,66]. In 
this regard, MWNTs are widely used in composites, as conductivity enhancers 
for supercapacitor applications. CNTs of different dimensional structures have 
been investigated as supercapacitor electrode materials, as seen in Table 2-1 
[67].    
 
Table 2-1 Classification of different CNT structures for electrodes. 
 
   CNT  Representatives                        Features 
structures         
0D  CNT powder  Binder usage for electrode 
1D  CNT fiber  Continuous CNT strand 
2D  CNT film  Interconnected horizontal CNT network 
             CNT forest  Aligned vertical CNTs 
3D        CNT aerogel and sponge CNT monolith with interconnected  
                                                     nanotubes along 3D space 
 
A convenient method to fabricate CNT electrodes is to mix zero-
dimensional (0D) CNT powders with polymer binders, such as 
polytetrafluoroethylene and nafion, to form adhesive slurry, which is then 
pressed onto the current collectors [15]. In this method, the usage of the 
polymer additives can decrease the electrode conductivity and gravimetric 
capacitance. To avoid the usage of polymer binders, CNT monoliths (as CNT 
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fibers, films and sponges) have also been developed and are directly used as 
supercapacitor electrodes [26,68–70].   
 
2.2.1 CNT powder for supercapacitor applications  
Using pristine CNT powder as electrode material usually achieves a 
specific capacitance of less than 30 F g-1 [71–73], which is much smaller than the 
theoretical value of 150 F g-1. There are two major reasons for this poor 
performance: (i) CNTs are inclined to entangle and bundle together due to the 
strong van del Waals interaction, resulting in a decrease in SSA; (ii) the high 
hydrophobicity of CNTs greatly limits the access of ions to tubular walls in 
aqueous electrolytes. To solve these problems, methods of decorating CNT 
with different functional groups have been developed [74]. 
Niu et al. treated SWNTs with nitric acid (HNO3) to improve electrode 
performance [75]. An X-ray photoelectron spectroscopy (XPS) found that more 
than 10 at. % of carbon atoms were bonded with oxygen atoms to form –
COOH, -OH and C=O groups. The attached functional groups can 
successfully prevent the agglomeration of CNTs, due to the electrostatic 
repulsive interactions from these functional groups. These functionalized 
CNTs were able to achieve a high specific capacitance of 113 F g-1, estimated 
at a low frequency of 1 mHz. Later studies functionalized CNTs using a 
concentric acid mixture containing concentrated sulfuric acid (H2SO4) and 
nitric acid [36]. These functionalized CNTs reached a specific capacitance of 
100 F g-1, slightly lower than Niu’s reports [75], possibly due to the destruction 
of the electronic structure of CNT, owing to over-oxidation from the 
concentrated acid solution [76].  
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Besides acid treatments, simple electrochemical oxidation has also 
been investigated by Liu et al. [77] to functionalize SWNTs. Activated in KOH 
solution under a positive potential of 1.5 V, SWNTs can achieve a high 
specific capacitance of over 140 F g-1 based on a frequency analysis. In order 
to further increase the specific capacitance of SWNTs, the introduction of 
redox species, by doping nanotube with heteroatoms, has also been 
investigated [78,79]. 
Physical treatments such as heat annealing have been used to further 
raise the specific capacitance of SWNTs to more than 180 F g-1 [80]. The 
improvement in performance can be ascribed to the opening-up of the micro- 
and meso-pores of SWNTs, and better electrical contact between the materials 
and current collectors after thermal annealing [81].  
Because MWNTs possess much smaller SSAs than that of SWNTs, 
post-treatments, including acid functionalization [82], oxygen plasma treatment 
[83] and heteroatoms doping [84,85], have been used to improve their specific 
capacitances. Furthermore, to increase the SSA of MWNTs, KOH was applied 
to etch defective carbon atoms to open up the micro- and meso-pores, in order 
to increase the accessible SSA [86]. However, the initial study of CNTs for 
supercapacitor applications was based on alternating current (AC) instead of 
direct current (DC) technology, with the purpose to use CNTs for electric 
filtering and not for energy storage. Further investigation on CNT electrodes 




2.2.2 2D CNT structures for supercapacitor applications 
Regardless of the post-treatment method, polymer binders have to be 
used to bind CNT powder to current collectors, and this compromises the 
excellent electrical conductivity of CNTs, as well as lowers the content of 
active materials in the electrode. To avoid the usage of polymer binders, 
micro- and macro-scale 2D CNT monoliths, such as CNT films and CNT 
forests, have been developed [26,67]. 
Vacuum filtration is a convenient way to fabricate CNT thin films. 
Firstly, CNTs are dispersed in certain solvent systems, sometimes with the 
help of surfactants [87,88]. Then, the prepared CNT dispersion is filtrated 
through a proper separation membrane to obtain the thin film, as seen in 
Figure 2.1. The densities of the CNT film can be controlled through the 
concentration of the CNT dispersion. For CNT films obtained from this 
method, a specific capacitance of 55 F g-1 can be achieved [89].  
 
Figure 2.1 CNT thin films prepared via filtration method: (a) photograph of 
CNT film; the paper (left) is tough and flexible enough to be folded into an 
origami plane (right) (b) scanning electron micrograph of prepared CNT films 
[87]. (Reproduced with permission from Ref. 87. Copyright (2005) Nature 
Publishing Group.) 
 
Nevertheless, the preparation of a uniform CNT dispersion without any 
structural damage is still a challenge faced by researchers [76]. As a contrast to 
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using vacuum filtration, Kaempgen et al. [90] also sprayed the CNT dispersion 
on plastic substrate to obtain thin films, which delivered a higher specific 
capacitance of more than 100 F g-1,  reaping the benefits from an increased 
SSA.   
To address the challenge of maintaining a uniform CNT dispersion, a 
direct one-step synthesis of CNT films was developed by Zhu et al. [91]  
through a floating catalytic chemical vapor deposition (FCCVD) process 
shown in Figure 2.2.  
 
Figure 2.2 Photographs of CNT macro-films: (a) schematic of substrate 
assembly and CNT macro-film deposition on the inner wall of the front end of 
the reactor, (b) as-received CNT macro-film, and (c) a rolled up CNT macro-
film deposited on a stainless steel foil  [91]. (Reproduced with permission from 
Ref. 91. Copyright (2007) Royal Society of Chemistry.)  
 
Unlike the traditional CVD in which catalysts are dispersed on 
substrates [92], ferrocene dissolved in ethanol is employed as the catalyst in the 
FCCVD process. During the synthesis of CNTs, argon gas is bubbled through 
the ferrocene solution and carried into the reaction chamber. Under a 
temperature of 800 oC, ferrocene is decomposed to give iron nanoparticles, 
which float inside the chamber, functioning as nucleation centers for the 
growth of CNT. The synthesized CNTs interconnect with each other and then 
precipitate at certain substrates, or simply attach to the walls of reaction 
chambers to form CNT films. The main success of this method overcomes the 
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difficulty of achieving uniform CNT dispersion and requires only a direct one-
step protocol to achieve a film-like structure. 
It was found that the supercapacitors using CNT macro-films as 
electrodes were sensitive to working temperature and applied stress [91,93]. 
Increasing either temperature or stress on the SWNT films can improve their 
specific capacitances, due to better electrical contact between CNTs and 
improved ion diffusion efficiency. For the application of wearable energy 
storage, stretchable supercapacitors based on CNT films have also been 
developed through the FCCVD method [94].  
For the CNT films mentioned above, the CNT orientation is horizontal 
along the plane of the film. Interestingly, there is another kind of CNT 2D 
structure in which the CNT orientation is perpendicular to the substrate, 
known as a “CNT forest” (Figure 2.3) [95,96]. The traditional CVD method can 
be used for the synthesis of CNT forests [97,98]. Due to the high areal density of 
the catalyst, the growth of the CNTs was fairly parallel with each other, 
leading to a highly dense CNT structure [99].  
However, CNT forests fabricated from the common CVD technique 
have the drawbacks of inter-tube entanglement and short nanotube length. To 
further increase CNT length and to obtain the large CNT forest on the silicon 
substrate, Hata et al. [100] found that a small amount of water added during the 
CVD process could effectively etch the amorphous carbon and prolong the 
active life of catalysts. As a result, the CNT length further increased. The 
structure of CNT forests are significantly dependent on the properties of 
catalysts dispersed on substrates. Taken into account of the interaction 
between the catalysts and the substrates, only silicon and metal wafers were 
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initially preferred for the growth of CNT forests in traditional CVD techniques 
[101].  Later, Ren et al. [62] reported that CNT forests could be achieved on 
normal glass using the same CVD method. The novelty of their work was to 
replace water vapor with ammonia, which prevents the aggregation of catalyst 
on the glass wafers to achieve uniform CNT arrays.  
 
Figure 2.3 FESEM image of a vertically aligned forest of CNTs from CVD 
method [96] (reproduced with permission from Ref. 96. Copyright (2008) 
Wiley-VCH.)  
 
Since then, ceramic based materials have also become candidate 
substrates for the synthesis of CNT forests. In the regard of substrate 
properties, it was found that by using alumina as a buffer layer between the 
substrate and the catalyst layer, large amounts of catalyst agglomeration could 
be prevented, leading to better CNT morphology [62] . To solve the problem of 
CNT entanglement, plasma enhanced chemical vapor deposition (PECVD) 
was developed [102,103]. During PECVD, a high potential is generated along the 
furnace chamber, and the ions generated inside the chamber could promote 
CNT growth at a lower temperature of 450 oC, with better alignment [104].  
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CNT forests had initially been investigated for supercapacitor 
applications by Futaba et al.[68], as shown in Figure 2.4. The CNT forest 
synthesized from the PECVD method was transferred to the current collector 
and directly used as a working electrode. They achieved a specific capacitance 
of 15 F g-1. This low capacitance value is related to the poor structure of short 
CNTs and irregular entanglements which greatly limit the assessable surface.  
 
Figure 2.4 (a) Digital images of the CNT forest electrode (b) a comparison of 
diffusion channel between activated carbon and the CNT forest, and (c) cyclic 
voltammetry of supercapacitors [68] (Reproduced with permission from Ref. 68. 
Copyright (2006) Nature Publishing Group.) 
 
Quinton et al. [105] synthesized CNT forest using oxides as buffer layer 
and applied them for supercapacitor applications. The types and thickness of 
buffer layer had large influence on CNT morphologies. By directly 
synthesizing CNT on aluminum foils using a multi-catalyst system, specific 
capacitances of more than 60 F g-1 have been recently reported [106]. More 
significantly, this growth of CNTs on electrically conducting material 
successfully avoids the further transfer of CNT forests and prevents potential 
structural damage in the electrode fabrication process.   
To date, it is also viable to convert the vertically orientated CNT to a 
horizontal orientation, based on a simple drawing/spinning technology. An 
ultra-dense CNT forest is first formed in advance via the CVD process. Next, 
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the edge of the CNT forest is carefully drawn out and attached to a rotating 
spinner, where CNTs can be drawn into flat films during spinning (Figure 2.5). 
The spinning mechanism is related to the strong van der Waals interaction 
between neighboring CNTs [107].  
 
Figure 2.5  CNT forest conversion into sheets and assemblies of those films: 
(a) FESEM image capturing a CNT forest being drawn into a film, (b) FESEM 
micrograph showing the cooperative 90o rotation of MWNTs in a forest to 
form a sheet, and (c) a 2D re-reinforced structure fabricated by overlaying four 
CNT sheets with a 45o shift in orientation between successive sheets [108]. 
(Reproduced with permission from Ref. 108. Copyright (2005) AAAS.) 
 
Compared with the filtration method, this drawing method can be used 
to make the aligned film structures with anisotropic mechanical and electrical 
properties [109]. By spinning the CNT forest onto the conductive substrate, 
CNTs can be directly assembled to supercapacitors without the usage of 
polymer binders. Also, the uni-directional ion diffusion channels in the spun 
CNT film are beneficial to electrochemical performance. [110]. 
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The methods of preparing the 2D CNTs mentioned above have a 
drawback of an intermittent and time-consuming process, regarding materials 
preparation and electrode fabrication. On the other hand, the filtration method 
suffers from a dispersion/filtration two-step method. In the CVD-related 
process, substrates must be replaced after the synthesis of each batch. Besides, 
both material structure and ion diffusion are limited on the 2D surface, leading 
to a low areal capacitance [111]. To achieve a high gravimetric and volumetric 
energy density, a multi-stack strategy has to be used, which might cause a 
large internal resistance for the entire energy storage device [112,113]. 
 
2.2.3 3D CNT structures for supercapacitor applications 
To further explore CNT structures in supercapacitor applications, 3D 
CNT structures have also been proposed to facilitate the transport of electrons 
and ions [111]. 
3D CNT structures can be achieved based on templates or scaffolds. 
Fang et al. [114] prepared the Ni-fiber scaffold based on a micro-sintering 
method. Then, this scaffold was coated with CNT/polymer solution and a 
calcination process was carried out to obtain the 3D CNT in nickel foams. The 
specific capacitance of this material reached more than 200 F g-1. However, it 
should be noted that the majority of the capacitance comes from carbon 
residuals and not the CNTs. A more accurate calculation of specific 
capacitance based on CNT content is required. 
The 3D CNT structure can also be achieved from a CVD process using 
other kinds of scaffolds. By coating a thin layer of catalyst, such as iron, on 
the substrates like nickel foams, CNTs could directly grow inside foams along 
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the vertical direction as seen in Figure 2.6a [115]. More recently, by using 
magnesium as catalysts sputtered along the nickel foam, carbon dioxide (CO2) 
can be converted to a CNT monolith [116]. 
Although using nickel foam as a scaffold to grow CNTs is simple and 
cost-effective, this scaffold method gives a thin layer of CNT on the scaffold, 
leaving the majority of pores unfilled. Recent research has pointed out that the 
capacitance of electrode materials is associated with the meso- and micro-
pores of electrodes [35,117]. Therefore, the empty macropores in the scaffold 
inevitably compromise the volumetric capacitance.  
To solve this problem, several methods to obtain free-standing CNT 
monoliths with meso-/micro-pore characters have also been developed [118].  A 
simple protocol to achieve this is to use various crosslinkers. Zou et al.  
functionalized CNTs with 3-(trimethoxysilyl) propyl methacrylate, and these 
functional groups could crosslink with the CNT via a polymerization process 
[119]. In addition, the CNT monoliths were achieved by a freeze-drying process 
to prevent the collapse of monolith structures from capillary interaction. These 
obtained aerogels have good mechanical strength and electrical conductivity. 
In addition to methacrylate based crosslinkers, other functional molecules such 
as ferrocene [120,121],  fibroin [122], and even viruses [123] have been used as 




Figure 2.6 FESEM images of (a) CNT forest in 3D nickel foam [115] , (b) CNT 
sponge [124], and (c) CNT aerogels [125] (reproduced with permission from Ref. 
115. Copyright (2012) Wiley-VCH, Ref. 124. Copyright (2010) Wiley-VCH 
and Ref. 125. Copyright (2007) Wiley-VCH.) 
 
Directly sintering CNT sponges [124,126] from FCCVD has also been 
found feasible. In order to achieve a 3D structure, a higher density of floating 
catalysts is required. Gui et al. [127]  used dichlorobenzene as the carbon source 
to synthesize the CNT foam in reaction chambers, with increased percolation 
of CNTs. As a result, the macro-scale CNT sponge was obtained (Figure 2.6b). 
The obtained CNT sponge has been used for supercapacitor applications, with 
a specific capacitance of 28 F g-1 achieved.  Being different from the 
fabrication challenges of CNT macro-films, a critical issue for 3D CNT 
fabrication locates on how to control a stable catalyst dispersion, while 
maintaining high concentration. Thus, the size of the reaction chamber, gas 
flow and ferrocene concentration have to be optimized. Although CNT sponge 
based supercapacitors can process an ultra-long cycling performance of over 
15 000 cycles, its small specific capacitance is a potential barrier limiting 
future electrochemical applications [128].  
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3D CNT aerogels shown in Figure 2.6c can be directly formed based 
on the simple sol-gel reaction, using proper surfactants [129]. The formation of 
the crosslinked structure is related to the strong π-π interaction between 
nanotubes. In this method, there is a critical percolation threshold. If the CNT 
concentration is too high, they are inclined to bundle and entangle together 
and in this way, the bulky 3D structure cannot be achieved. On the other hand, 
if the CNT concentration is too low, the CNT-CNT percolation is too poor to 
support a free-standing structure [125]. The thermal and electron transport 
mechanisms of this aerogel structure have also been carefully investigated [130]. 
Compared with the template method, the sol-gel method is more suitable for 
electrode application in terms of an ultra-low density. Regardless of its 
remarkable electrical conductivity of more than 1 S cm-1 [125], the application 
of this aerogel structure in the field of supercapacitors has however not yet 
been reported. 
 
2.3 CNT Powder Based Composites for Supercapacitor Applications 
Generally, CNTs have a specific capacitance of no more than 50 F g-1, 
leading to a low specific energy [131]. Considering the good electrical 
conductivity of CNTs, they are more frequently used as components in 
composite materials, to enhance the electrical conductivity of electrodes. 
Introducing pesudocapactive materials into the CNT structure can significantly 
improve the electrochemical performance of supercapacitor electrodes. 
Traditional pseudocapacitive materials include various metal oxides 
and conducting polymers [132]. Ni(OH)2 and MnOx (1≤x≤2)  are most widely 
used in supercapacitors, due to their natural abundance and low toxicity [133,134]. 
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Both Ni(OH)2 and MnOx have a high theoretical specific capacitance of over 
1000 F g-1 [25]. For Ni(OH)2, an experimental value of over 3000 F g
-1 can be 
achieved, but only with an ultra-low mass loading [135]. Also, Ni(OH)2 has the 
drawback of a low working potential, normally in a range of 0.4 to 0.5 V vs. 
saturated calomel electrode (SCE) [136]. For MnOx based materials, including 
MnO2, Mn3O4 and MnO, they have a wider potential window of 1.0 V vs. SCE. 
However, capacitances over 1000 F g-1 using MnOx are seldom achieved, due 
to its dense structure and poor ion diffusion channels [137].  
Both Ni(OH)2 and MnO2 possesses a low electrical conductivity 
[138]. 
By employing CNTs inside the composite, not only can the conductivity of the 
composite be improved, but aggregations of active components can also be 
prevented. Currently, the majority of research on CNT composites is still 
based on a solution synthesis routine, rendering their final products in a 
powdered form. 
         
2.3.1 Ni(OH)2/CNT powder based composites 
There are various methods to synthesize Ni(OH)2/CNT composites. 
Because most Ni(OH)2 sources exhibit chemical inactivity with CNTs, the 
general strategy is to form a uniform dispersion of CNTs together with the 
Ni(OH)2 sources, and then add certain precipitation or hydrolysis agents to 
obtain Ni(OH)2 precipitation 
[134]. 
Wang et al. [139] used nickel nitrate as a nickel source and potassium 
hydroxide solution as a hydrolysis agent to synthesize Ni(OH)2 in the CNT 
dispersion. The reaction proceeded at room temperature to generate spherical 
nickel hydroxide particles embedded among CNTs. The composite presented a 
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specific capacitance of 1700 F g-1, but gave a low potential profile of 0.4 V vs 
SCE. To better tune the morphology of the composites, N-methyl-pyrrolidon 
(NMP) was also used as a hydrolysis agent to obtain the nanoflaky Ni(OH)2. 
Although the obtained composites could reach a high specific capacitance of 
over 1200 F g-1, they suffered rapid degradation during cycling [140]. It is worth 
noting that using certain hydrolysis agents such as NMP is not only toxic, but 
also expensive. 
To tailor the performance of the Ni(OH)2/CNT composite, other 
methods, such as hydrothermal [141] and microwave reactions [142] have been 
utilized for the synthesis of Ni(OH)2, and these have provided valuable insight 
to the future development of Ni(OH)2/CNT composites. However, because of 
a weak interaction between CNTs and nickel sources, the overall 
electrochemical performance is far from satisfactory. In addition, the 
capacitance performance of most powder-based Ni(OH)2 composite materials 
is normally evaluated based on the three-electrode configuration; meanwhile, 
measurements based on the two-electrode configuration are rarely reported. 
 
2.3.2 MnOx/CNT powder based composites 
Similar to Ni(OH)2, MnOx is widely used as a pseudocapacitive 
material in CNT composites. The chemical precipitation method is usually 
employed for synthesizing this composite. 
Considering the multivalence of Mn, a redox based chemical 
precipitation has been developed. Wang et al. [143] used potassium 
permanganate (KMnO4) and manganese acetate as reaction agents to 
synthesize the composite in CNT dispersions. The reaction proceeded at 50 ~ 
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70 oC for 10 hrs. The obtained composite had a low specific capacitance of 60 
F g-1, and poor cycling performance of less than 300 cycles. Its poor 
performance was due to the non-porous MnO2 structure and poor MnO2/CNT 
interface. Zhang et al. [144] employed manganese chloride tetrahydrate, in place 
of manganese acetate, to tune the morphology of the MnO2/CNT composite. 
The resultant product presented a higher specific capacitance of over 120 F g-1. 
To better control the reaction progress, a titration method was also developed 
where manganese sulfate was added into potassium permanganate solution in 
the presence of CNTs, to synthesize composites with a nano-flaky structure 
[145]. A specific capacitance of over 150 F g-1 was achieved and the cycling 
performance was promoted to 3 000 cycles.  
The redox precipitation, using extra reducing agents, usually leads to a 
poor morphology, because there is no direct interaction between MnOx and 
CNTs. As opposed to Ni(OH)2 
[137], the direct reaction between the MnOx 
precursor and the CNTs can be feasible, owing to the strong oxidative ability 
of potassium permanganate. Chang et al. [145] reported highly defective CNTs 
by immersing them into concentric nitric/sulfuric acid. Afterwards, potassium 
permanganate solution was then added to the CNT dispersion, which was later 
heated at 80 oC for 24 hrs. As a result, a specific capacitance of 200 F g-1 was 
reached. In the beginning, the reaction between KMnO4 and CNTs was 
thought to be a simple local redox reaction, with the oxidation of carbon atoms. 
Later research pointed out that a micro-electrochemical reaction might be 
responsible for the growth of CNTs, by discovering that the majority of MnO2 




Figure 2.7 Schematic illustration of redox deposition of MnO2 at the CNT  
[146].  (Reproduced with permission from Ref. 146. Copyright (2007) Wiley-
VCH).  
 
2.3.3 Other pseudocapacitive powder based composites 
 Besides Ni(OH)2 and MnOx, other metal oxides/hydroxides have been 
investigated to fabricate CNT composites for supercapacitor applications [147]. 
The general method is to prepare the metallic precursors in the CNT 
dispersion. Later, the prepared hydroxides are either used as electrode 
materials, or undergo a simple thermal heating process to be converted to 
oxides. For example, a cobalt hydroxide (Co(OH)2)/CNT was prepared via a 
modified hydrolysis synthesis to reach a specific capacitance of 570 F g-1 [148]. 
Li et al. [149] synthesized the Co(OH)2 based on the reaction between cobalt 
acetate (Co(OAC)2) and aqueous ammonia (NH3∙H2O) solution. Afterwards, 
the obtained precursor solution went through a hydrothermal process to give 
the final Co3O4/CNT composite. Compared with the Co(OH)2/CNTs, a 
specific capacitance of only 219 F g-1 was achieved. It is believed that the 
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annealing process during material synthesis may have caused the aggregation 
of active material, and blocked the ion diffusion channels. 
To prepare the nickel oxide (NiO)/CNT composites, Ni(OH)2 was 
initially synthesized via a precipitation process in the CNT dispersion, after 
which, a calcination process was carried out to convert the Ni(OH)2 to NiO. 
The prepared samples reached a specific capacitance of only 350 F g-1 and the 
cycling performance was no more than 300 cycles [150]. Moreover, iron oxides 
[151] and multi-cation metal oxides such as NiCo2O4 
[152] were also 
incorporated into the CNTs, using the solution precipitation routine.  
Electrical conducting polymers (ECP) are another important type of 
pseudocapacitive materials for supercapacitor electrodes. The ECP/CNT 
composite is usually synthesized from chemical, electrochemical or vapor 
polymerization [54].  For instance, a homogeneous dispersion of the CNTs is 
prepared in advance, and then, monomers such as pyrrole, aniline or thiophene 
is added to the CNT dispersion to form a stable dispersion. Proper surfactants 
are sometimes required, considering the hydrophobic nature of pristine CNTs 
[74]. Next, oxidant agents such as iron chloride (FeCl3) or ammonium 
persulfate (NH4S2O8) is added to initiate the polymerization of the monomers 
[153].  
A Poly(3,4-ethylenedioxythiophene) (PEDOT)/CNT composite was 
prepared by Lota et al. [154] for supercapacitor applications. Considering the 
insolubility of 3,4-ethylenedioxythiophene (EDOT) in aqueous solution, the 
whole process proceeded in an acetonitrile solution where CNTs and EDOT 
were initially homogeneously dispersed. Later, FeCl3 was added to the CNT 
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dispersion to initiate the polymerization of EDOT. The final PEDOT/CNT 
material had a low specific capacitance of 80 F g-1. 
Zhu et al. [155]  used ammonium persulfate as a polymerization initiator 
and added it to the prepared aqueous pyrrole (Py) solution containing certain 
amounts of CNTs. To control for morphology, the process was carried out at a 
low temperature of 4 oC. The prepared polypyrrole (PPy)/CNT composite 
reached a specific capacitance of over 150 F g-1. The polyaniline (PANI)/CNT 
composite was also prepared via chemical polymerization, with a high specific 
capacitance of over 360 F g-1 [156]. The better electrochemical performance of 
the PANI composite can be attributed to a better solubility of aniline in 
aqueous solution [157].  
 
2.4 2D CNT Composites for Supercapacitor Applications 
Similar to the powdered CNT, the powder based CNT composites also 
face two challenges. The first challenge is the agglomeration of CNTs during 
the incorporation of pseudocapacitive materials, and the second challenge is 
the usage of the polymer binder during electrode preparation, leading to poor 
electrochemical performance. To overcome these two challenges, binder-free 
macroscale CNT electrodes have been developed. 
 
2.4.1 2D Ni(OH)2/CNT composites 
To further ameliorate the electrochemical performance of the CNT 
film structures, Dubal et al. [158] developed a layer-by-layer method to obtain 
Ni(OH)2/CNT films on a steel sheet. First, dispersions of functionalized CNTs 
and solutions containing nickel sulfate were prepared separately. Then, 
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stainless steel was used as a flexible substrate and immersed into these two 
dispersions in sequence. Since CNTs are negatively charged and nickel ions 
positively charged, as a result, they can be absorbed onto each other, layer by 
layer. Although the final thin film composite had a high specific capacitance 
of 1375 F g-1, the preparation method for this kind of composite is very 
complicated and time-costly. 
An electrophoretic deposition method has also been used for the 
preparation of the Ni(OH)2/CNT film 
[159].  Firstly, functionalized CNTs were 
dispersed in aqueous nickel solution. Later, the negatively-charged CNTs, 
together with the nickel precursors, were deposited at the electrode under a 
high voltage to form films. In order to increase the porosity of composite films, 
silica particles were used during deposition. The resultant products had a high 
specific capacitance of 1642 F g-1. Currently, the synthesis of Ni(OH)2/CNT is 
based on the solution routine in which a homogeneous dispersion of CNTs is a 
prerequisite. A solution-free synthesis method from the CVD process might 
improve the homogeneity of CNTs in composite films, and further improve 
the electrochemical performance of the Ni(OH)2/CNT composite. 
 
2.4.2 2D MnOx/CNT composites 
Compared with Ni(OH)2, MnOx is more widely used in the preparation 
of CNT thin film composites, due to its multivalent properties and easier 
fabrication process. Higgins et al [160] developed a facile method to prepare 
MnO2 and CNTs separately, and then filtrated them together to form the film 
composite. The specific capacitance of prepared samples firstly increased to 
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80 F g-1 with an optimal CNT content of 9 wt. %, and then decreased with the 
increase in CNT load. 
Gu et al. [161] prepared the MnOx/CNT film composites using a redox 
precipitation method. CNT films were obtained based on FCCVD. Next, as-
fabricated films were immersed into the ethanol, and KMnO4 solution was 
added drop by drop to form a brown precipitation on CNT films. The obtained 
composites reached a specific capacitance of merely 120 F g-1. The low 
specific capacitance is related to the low MnO2 content of below 20 wt.%. 
Instead of using FCCVD, Chen et al. [161] used a vacuum filtration method to 
prepare CNT thin films, and then deposited MnO2, based on the redox reaction 
between manganese acetate and sodium persulfate. The hybrid film had a 
specific capacitance of 253 F g-1.  
 In addition to CNT thin films, CNT forests have also been used to 
fabrication 2D composites. Wang et al. [162] used a traditional CVD method to 
grow a thin layer of CNT forest on the stainless steel mesh. Later, MnO2 was 
electrochemically deposited directly onto the CNTs. During the deposition, the 
CNT forest was used as a cathode and immersed into the KMnO4 solution. 
When applying negative potential, KMnO4 would be reduced to form MnO2 
on CNTs. The synthesized composite reached a high capacitance of 300 F g-1. 
However, considering the ultra-low mass loading of the composite (0.1 mg 
cm-2), their materials suffered a low volumetric energy density.  
A similar method was used to prepare the MnO2/CNT composite at the 
graphite substrate. After the CVD process, the CNT forest on graphite paper 
was directly immersed into the KMnO4 solution to load MnOx. The prepared 
material was directly used as supercapacitor electrodes [163]. Kim et al.  
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prepared CNT films by spinning CNTs from the aligned CNT forest. Later, 
MnOx was deposited on the CNT films using anodic deposition 
[164]. The 
calculated specific capacitance of MnOx was of over 1200 F g
-1. However, the 
composite had a low specific capacitance of 200 F g-1, based on the total mass 
of CNT and MnOx. 
 
2.4.3 Other 2D CNT/pseudocapacitive composites 
In addition to Ni(OH)2 and MnO2, other metal oxides/hydroxides have 
been incorporated into CNT thin films. Zhou et al. [110] first obtained the films 
by spinning nanotubes from a CNT forest. Afterwards, the thin CNT film was 
immersed into nickel nitrate solution, and underwent a thermal decomposition 
process to obtain the NiO/CNT film composite. The prepared samples 
achieved a specific capacitance of 336 F g-1. Co3O4 has also been incorporated 
into the same system, to reach a specific capacitance of over 250 F g-1 [110]. 
Furthermore, cobalt-nickel binary hydroxides were deposited on CNT films 
using the chemical bath deposition method, to achieve a specific capacitance 
of 500 F g-1 [165].  
PEDOT-PSS/CNT 2D structures have also been developed for 
supercapacitor applications. The film composite was obtained  by filtrating the 
dispersion composed of PEDOT-PSS and CNTs [166]. The highest capacitance 
of 133 F g-1 was achieved when the PEDOT-PSS loading reached 30 wt.%. To 
achieve a better interface between nanotubes and conducting polymers, vapor 
deposition of PEDOT at the CNT forest was developed by Ghaffari et al. [167]. 
In-situ polymerization of EDOT vapor at the nanotubes helped to obtain a 
core-shell structure. The prepared composites presented a higher specific 
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capacitance of over 220 F g-1. Compared with the filtration method, the 
improved performance can be attributed to a more homogeneous composite 
architecture, as prepared from a gas phase polymerization. 
 For 2D CNT composites, the loading of the active pseudocapacitive 
materials was confined onto a 2D surface, leading to limited areal capacitance. 
Meanwhile, the further increase of mass loading resulted in a longer electric 
path between the active materials and the conductive CNTs, causing poor 
electrochemical performance. 
 
2.5 3D CNT Composites for Supercapacitor Applications 
2D CNT composites can achieve a better performance than powder 
based composites due to a binder-free electrode preparation. The direct 
fabrication of CNT thin films or forests, and the following incorporation of 
pseudocapacitive materials, effectively facilitate electron transport and ion 
diffusion. As a result, a higher capacitance and longer cycling life can be 
achieved. However, 2D CNT composites have a disadvantage of a low mass 
loading of active materials [168]. This problem can be solved by extending the 
CNT structure to a 3D space. 
 
2.5.1  3D Ni(OH)2/CNT composites  
Wang et al. [116] successfully converted CO2 to a CNT forest using 
magnesium (Mg) as a catalyst, with nickel foam as the scaffold. Afterwards, a 
simple chemical bath deposition was applied to synthesize the Ni(OH)2/CNT 
composites. The prepared 3D composite reached a specific capacitance of 450 
F g-1. The relatively low specific capacitance was due to a low Ni(OH)2 
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content. Additionally, Tang et al. [115] utilized nickel foam as a scaffold to 
grow CNT forests, and then synthesized Ni(OH)2 at the nanotubes using a 
similar chemical bath deposition. The resultant composite achieved a very 
high specific capacitance of 3300 F g -1. The improved performance can be 
attributed to a better interface between CNTs and Ni(OH)2. However, There 
are still only few studies that explore 3D Ni(OH)2/CNT composites for 
supercapacitors. 
 
2.5.2 3D MnOx/CNT composites  
Compared with Ni(OH)2, MnOx has the advantage of a simple 
preparation process, owing to the in-situ reaction between CNTs and 
permanganate. Creatively, Chen et al. [169] fabricated the conductive sponge by 
directly immersing a commercial sponge into the CNT dispersion. Later, 
MnO2 was deposited on the sponge, using a facile electrochemical deposition. 
The obtained composite achieved a high capacitance of 1350 F g-1. However, 
the calculation of specific capacitance was only based on the mass of MnO2, 
and the overall performance of the entire composite remained unknown. Zhao 
et al. [170] applied a CVD process to grow CNTs inside the nickel foam, later 
incorporating MnO2 using electrochemical deposition. The obtained composite 
achieved a high specific capacitance of 462 F g-1. Unfortunately, the mass 
loading of MnOx was only 0.1 mg cm
-2. It was found that the further increase 
of the MnOx resulted in the agglomeration of active materials, leading to poor 
electrochemical performance.  
To further increase the mass loading of active materials, Li et al. [171] 
coated CNT sponges with a thin layer of PPy in order to obtain a ternary 
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conductive structure. Afterwards, the prepared binary composite directly 
reacted with KMnO4 to produce MnO2. The prepared composites achieved a 
high specific capacitance of 305 F g-1, based on the total mass of the 
composite. 
  
2.5.3 Other 3D CNT composites 
Besides Ni(OH)2 and MnOx, Fe2O3 was incorporated into CNT 
sponges using hydrothermal deposition. The obtained composite achieved a 
specific capacitance of nearly 300 F g-1 [172]. However, this composite had a 
disadvantage of rapid cycling degradation, possibly due to the large volume 
change of Fe2O3 during the charge/discharge process. In addition, conducting 
polymers such as PANI were also used as capacitance-enhancing components 
in the 3D CNT composite, via a simple chemical polymerization [70]. The 
assembled supercapacitors could work under different compression conditions, 
with minor reductions in performance.  
 
2.6 Summary 
As described in previous sections, powder based CNTs and CNT 
composites have the advantage of a simple preparation process, which is 
suitable for large-scale industrial production. However, it is difficult to control 
the morphologies of the CNT composite with the expected electrochemical 
performance. To better tailor the properties of the final products, special 
hydrolysis chemicals, such as NMP, have to be used during the synthesis. 
However, these chemicals are not environmentally-friendly and incur an 
expensive waste treatment [168].  
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2D CNT structures usually suffer from the low mass loading of active 
pseudocapacitve materials. Besides, a multi-step fabrication process of CNT 
films or forests is rather complex. Developing a continuous fabrication 
technology can make CNT films and forests economically competitive to their 
powder-based counterparts.  
Although the structure of 3D CNTs is excellent for energy storage, 
their application in the field of supercapacitors has not yet been widely 
explored. Most pseoducapacitve materials, such as MnOx and Ni(OH)2, have 
not yet been incorporated into the 3D CNT system [118]. Therefore, intensive 
efforts are required for the investigation of novel 3D CNT composites. 
In all, it is essential to (i) develop a facile and environmentally-friendly 
synthesis routine to make the powder based CNT composite, (ii) develop a 
continuous fabrication of CNT films and study its application for 
supercapacitors, and (iii) develop CNT-based 3D structures incorporating 
pseudocapacitive materials for supercapacitor applications. 
 As illustrated in Figure 2.8, we applied the floating catalytic chemical 
vapor deposition (FCCVD) and sol-gel methods to build porous 
interconnected CNT structure. Herein, the electrical conducting CNTs not 
only serve as an electron transport high way but also take the responsibility to 
improve the ion diffusion efficiency. Compared with the structures without 
CNTs, our CNT composite have achieved higher specific capacitance because 
























Chapter 3 : Experimental Section 
        
3.1 Materials 
Multi-walled CNTs (MWNTs), 10 ~ 20 nm in diameter and 5 ~ 15 µm 
in length, were purchased from Shenzhen Nanotechnologies Port Co Ltd. 
Single-walled CNTs, made of one-third metallic and two-thirds 
semiconducting nanotubes, were obtained from Chengdu Organic Chemicals 
Co Ltd. Potassium permanganate (KMnO4), potassium hydroxide (KOH), 
manganese acetate tetrahydrate (MnAc2∙4H2O), nickel nitrate hexahydrate 
(Ni(OH)2∙6H2O), urea, acetylene black, polytetrafluoroethylene (PTFE) 60 
wt. % dispersion, sodium dodecylbenzene sulfonate (SDBS), activated carbon, 
ferrocene, thiophene, and sodium sulfate (Na2SO4) were purchased from 
Sigma-Aldrich. Ethanol, hydrochloric acid (HCl, 37%) and acetone were 
purchased from Merck Pte Ltd. Nitric acid (HNO3, 62%) was obtained from 
Fluka. Nickel foams of 1.2 mm thickness were bought from MTI Co. Methane, 
hydrogen and helium gases were provided by Airproduct Inc. Except for 
CNTs, all other chemicals and materials were directly used without further 
purification. 
 
3.2 Synthesis of Composites 
3.2.1 Ni(OH)2/CNT powder based composites 
Firstly, the pristine multi-walled CNTs were treated using 10 wt. % 
HNO3 by refluxing under 120 
oC for 6 hrs to improve the surface wettability 
and remove iron catalysts. Then, certain amounts (10, 30, 50, 70 or 90 mg) of 
42 
 
acid-treated CNTs were dispersed in 50 mL DI water using probe sonication 
(130W) for 2 hrs. Next, 0.313 g of Ni(OH)2∙6H2O and 1.292 g of urea were 
dissolved in the above suspension using simple magnetic stirring for 30 min. 
The suspension was then heated at 90 oC for 5 hrs. Finally, the precipitant was 
filtered and washed several times with deionized water, as well as ethanol, 
until the pH stabilized. Samples were dried at 60 oC for 12 hrs before 
collection. The resultant samples were denoted as NiC-X, where X indicates 
the mass (mg) of CNTs added during the synthesis. 
 
3.2.2 Ni(OH)2/CNT thin film composites 
CNT films were fabricated by a conventional FCCVD technique. The 
flow rates of methane and hydrogen were 250 and 1500 sccm, respectively. At 
the same time, helium was used as the carrying gas to inject thiophene and 
ferrocene into the reaction chamber, at flow rates of 12 and 250 sccm 
respectively. The reaction proceeded at a temperature of 1200 oC. The elastic 
CNT aerogel generated inside the reactor was collected at the cold outlet, by 
drawing it out mechanically through a rotator at a speed of 20 m min-1. The 
obtained CNT films were then slightly condensed using acetone spray. Surface 
densities of the CNT films were found to be no more than 0.5 mg cm-2. 
Ni(OH)2 was grown on CNT films using a facile electrodeposition 
method, as in previous studies [173]. Before deposition, pristine CNT films 
were cut into rectangular shapes of size 1×2 cm2, and then immersed into vials 
containing ethanol for 30 min to improve their surface wettability. Next, 
deionized water replaced the ethanol, which was then replaced with the plating 
solution consisting of 0.1 M Ni(NO3)2. Afterwards, Ni(OH)2 was 
43 
 
electrodeposited on the CNT films under a constant potential of -0.7 V (vs. 
Ag/AgCl). To investigate the influence of Ni(OH)2 on electrochemical 
performance, the electrical charges required for the deposition were varied 
from 1, 2, 3 and 4 C. The obtained final products were denoted as the NiC-TF-
X, where X indicates the designated amount of transferred charges in 
depositing Ni(OH)2. By weighting the mass of the pristine CNT films and the 
Ni(OH)2/CNTs composite films, the mass ratios of Ni(OH)2 in NiC-TF-1, 
NiC-TF-2, NiC-TF-3 and NiC-TF-4 were determined to be 62.3%, 73.4%, 
84.7% and 88.3%, respectively. 
 
3.2.3 Ni(OH)2/CNT hydrogel/xerogel composites 
The CNT hydrogels and xerogels were synthesized through a facile 
coating-aging method [125]. The mixture consisting of 25 mg SWNT and 125 
mg SDBS as surfactant was first dispersed in 5 mL DI water by probe 
sonication. Next, the nickel foam (1×1 cm2) was immersed into the CNT 
suspension and underwent bath sonication for 10 min to fill all macro-pores of 
the nickel foam with CNTs. After one-day aging, the prepared hydrogel was 
subsequently washed with DI water continuously for one week to remove 
surfactants. To obtain the CNT xerogel, the prepared CNT hydrogel samples 
were then directly dried in a fumehood for another week.  
To prepare the Ni(OH)2/CNT xerogel composite, the CNT xerogel was 
initially rinsed with ethanol and DI water in sequence for a wetting purpose. 
Afterwards, Ni(OH)2 was grown on the CNT xerogel by a simple 
electrodeposition method, similar to the Ni(OH)2/CNT thin film composite. In 
brief, the Ni(OH)2 was deposited on the CNT aerogel under -0.7 V 
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(vs.Ag/AgCl) in a 0.1 M Ni(NO3)2 plating solution, until the total charge 
reached the desired amount. The achieved Ni(OH)2/CNT xerogel composite 
was washed with DI water and dried at 60 oC for 12 h. The obtained CNT 
xerogel composite was named as NiC-xero-X, where X denotes the charges 
passed during the Ni(OH)2 deposition.  
The Ni(OH)2/CNT hydrogel composite, named as NiC-hydro, was 
similarly prepared using the above method in the absence of the natural drying 
step. Without further mention, the total electrical charges transferred for the 
Ni(OH)2 deposition were 3.33 C. The water inside the CNT hydrogel was 
exchanged with the plating solution, before the deposition of Ni(OH)2. For 
comparison, Ni(OH)2 was also directly deposited on the nickel foam using the 
same protocol. Afterwards, these hydrogel composites were critically dried for 
further morphology investigations. The mass loading of the CNT and Ni(OH)2 
was obtained based on the comparison between the total mass of the materials 
and nickel foam. The mass loadings of the CNT gels were 0.5–1 mg cm2 
whereas those of the entire composites were about 2–2.5 mg cm-2. 
 
3.2.4 Mn3O4/CNT hydrogel/xerogel composites 
The synthesis procedures of CNT gels are similar to Ni(OH)2/CNT 
hydrogels. To further increase the content of active materials, the 
concentration of CNT dispersion was reduced to 3 mg mL-1 based on the 
content of single-walled CNTs. To obtain the Mn3O4/CNT hybrid gels, a 
plating solution consisting of 100 mM NaSO4 and 10 mM Mn(Ac)2 was 
prepared in advance. The CNT hydrogels were immersed in the plating 
solution for 2 hrs to exchange the water inside them with the plating solutions. 
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Next, galvanostatic or pulse anodic deposition was carried out under a 
constant current of 2 mA cm-2. For pulse deposition, an ON / OFF ratio of 10 s 
/ 20 s was selected. After depositing the Mn3O4/CNT, hydrogels were washed 
with DI water several times and stored in DI water overnight. The 
Mn3O4/CNT aerogels were obtained by drying hydrogels via critical carbon 
dioxide. Typically, the mass loading of the CNT was 0.3 ~ 0.5 mg cm-2, and 
that of the entire composite was 1.8 ~ 2.2 mg cm-2. For a better comparison, 




 To understand the morphologies and structural details of the prepared 
samples, as well to unravel the roles of CNT structures in the electrochemical 
performance of composites, following measurements have been conducted. 
 
3.3.1 X-ray diffraction  
The crystallographic structure and composition of the samples were 
characterized by X-ray diffraction (XRD). Materials with periodic 
arrangement of atoms are named as crystals, and can be identified by 
diffraction techniques. As they possess a wavelength close to the lattice 
parameters, X-rays are frequently used for diffraction characterizations. 
Illuminated under an X-ray beam, reflection signals along certain directions 
can be amplified because of the diffraction process, and this can be probed via 
a diffractometer. This process can be briefly described according to Bragg’s 
law as Eq. 3.1 listed below [174]: 
46 
 
                                                           2 sinn d                                               (3.1) 
where n  is an integer indicating the diffraction series,   (nm) represents the 
X-ray wavelength, d  (nm) corresponds to the distance between crystalline 
lattice and   (theta) refers to the diffraction angle.  
In this study, the crystalline structures of samples were characterized 
by powdered XRD using a Shimazu X-ray diffractometer 6000 equipped with 
Cu Kα radiation (k= 1.5418 Å). The continuous scan was carried out with a 
scan step of 0.02o at a speed of 1.2o min-1.  
 
3.3.2 Scanning electron microscopy  
The scanning electron microscopy (SEM) is a powerful tool to study 
the morphology of material surfaces [175]. Compared with the optical 
microscopy, electrons accelerated under high voltages possess a small 
wavelength in the range of a few nanometers. As a result, a high magnification 
can be achieved at the micro or even nanoscale. The imaging process is related 
to the interactions between samples and electrons. Generally, several signals, 
including back scattering electrons (BSE), secondary electrons (SE), Auger 
electrons (AU) and characteristic X-rays can be used to characterize the 
samples. Among them, SE and BSE are used to form imaging contrast for 
morphology studies. Characteristic X-rays generated from collisions between 
electrons and samples can be used for element identification, and this 
technology is named as the energy-dispersive X-ray (EDX). 
In this study, morphologies of samples were examined by a field 
emission scanning electron microscopy (FESEM Hitachi S4300). The 
accelerating voltage was fixed at 15 kV. Due to the poor conductivity of pure 
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Ni(OH)2 material, it was sputtered with gold under 10 mA for 30 s using a 
JFC-1200 fine coater.  Other samples, such as film and hydrogel/xerogel 
composites, were directly investigated without any pre-coating of conducting 
spiecies. 
 
3.3.3 Transmission electron microscopy  
Similar to SEM, the transmission electron microscopy (TEM) is also a 
common microscopy technology to study material morphology. Benefiting 
from a higher accelerating voltage, a TEM possesses a higher magnification 
than the SEM. For TEM, electrons which transmit samples are used for 
imaging [176]. Due to the small wavelength of these electrons, selected areal 
electron diffraction (SAED) is obtainable to characterize the crystalline 
structures of samples.       
In this thesis, transmission electron microscopy (JEOL 3010/2010) was 
employed to investigate the morphology properties of samples. Besides, 
SAED was also performed to understand the crystalline structure of prepared 
samples. The accelerating voltage was 200 kV. 
 
3.3.4 Surface isothermal adsorption/desorption 
The multilayer adsorption theory developed by Brunauer, Emmett and 
Teller (BET theory) is widely used to characterize the surface and surface 
properties of materials [177]. Basic assumptions of the BET theory include: (i) 
gas molecules are absorbed physically on materials with different layers; (ii) 
interactions between different layers of absorbed molecules are ignored and 
(iii) each layer of the adsorbed molecules can be described by the Langmuir 
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monolayer adsorption theory. According to these assumptions, equations 
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where p  (Pa) is the pressure at the tested temperature, 0
p
 
(Pa) is the vapour 
pressure of selected adsorbent, v  (m
3) is the volume of gas absorbed, mv  (m) 
is the monolayer capacity and c  is a constant related to the adsorption energy 
of selected adsorbents. Therefore, the surface area of samples can be 
calculated as below: 






                                                (3.3) 
where BETS (m
2 g-1) indicates the surface area according to the BET theory, N  
is Avogadro’s constant (6.02×1023 mol-1), s (m2) is the cross section of 
adsorbent molecules, V (m3 mol-1) is the molar volume of adsorbent gas and 
M (g) is the mass of samples. 
In this thesis, physical adsorption/desorption tests were carried out on 
Nova 2200e (Quantachrome) to give the surface properties of the samples. 
Besides, pore size distributions were also calculated according to the Barrett-
Joyner-Halenda theory. Samples were degassed in a vacuum at 80 oC for 4 hrs 
before tests.  
 
3.4 Electrochemical Measurements 
3.4.1 Preparation of working electrodes 
For the preparation of electrodes, Ni(OH)2/CNT powder based 
composite electrodes were prepared by slightly grinding and mixing 
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composite materials, acetylene black and PTFE binder in DI water with a 
spatula in a mortar, to form a paste which was later casted onto nickel foams 
(10×10×1.2 mm3). The working electrodes were then dried at 60 oC overnight 
and compressed under a pressure of 0.5 metric tons. In the cases of the two-
dimensional (2D) and three-dimensional (3D) composites of Ni(OH)2/CNT 
and Mn3O4/CNT, the prepared samples were directly used as working 
electrodes and connected to the measuring circuit with a stainless steel 
alligator. In this way, no more carbon additives or polymer binders were 
further added. 
 
3.4.2 Three-electrode electrochemical measurements 
The electrochemical performance of electrodes was characterized by 
cyclic voltammetry (CV), galvanostatic charge/discharge (GCD) and using a 
Solartron 1470E electrochemical workstation/Solartron 1400 frequency 
response analyzer. A 1 M KOH solution was selected as the electrolyte for the 
Ni(OH)2/CNT powder, film and gel composites. A 0.5 M Na2SO4 solution was 
used as the electrolyte for Mn3O4/CNT and its composites. Platinum (Pt 1 × 1 
cm2) foil was used as the counter electrode, and either a silver/silver chloride 
(Ag/AgCl) or saturated calomel electrode (SCE) electrode was selected as the 
reference electrode, as seen in Figure 3.1a.  
 
3.4.3 Two-electrode electrochemical measurements 
For full cell tests, commercial activated carbon was used as the 
negative electrode, prepared by mixing 80 wt. % activated carbon, 15 wt. % 
acetylene carbon and 5 wt. % PTFE binder to form a paste, which was then 
spread onto nickel foams. The asymmetric cells were assembled in Swagelok 
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with porous cellulose or nylon membrane as a separator, and this structure is 
illustrated in Figure 3.1b. Similarly, 1 M KOH solution was used as the 
electrolyte for Ni(OH)2 based materials, and 0.5 M Na2SO4 solution was used 
as the electrolyte for Mn3O4 related materials. 
 
Figure 3.1 Schematic illustration of supercapacitor with (a) three-electrode 
and (b) two-electrode configuration. 
 
3.4.4 Electrochemical impedance spectroscopy 
The electrochemical impedance spectroscopy (EIS) is an important 
alternating current (AC) technology, helping to understand the electrochemical 
kinetics of electrodes [178]. The electrochemical process of electrodes, such as 
electron transport, mass diffusion and charge transfer, can be modeled as 
electric components such as resistors (R) or capacitors (C), in an equivalent 
circuit. Normally, an AC potential signal is exerted at the working electrodes 
around the open circuit potential, and the resultant current signals properly 
measured. By fitting the impedance curves to the pre-established equivalent 
circuit (Figure 3.2), the values of each component can be determined. EIS was 
applied in the frequency ranges of 0.01–100 000 Hz at an amplitude of 5 mV, 





Figure 3.2 Equivalent circuit for EIS modelling. 
 
3.4.5 Calculations of electrochemical performance 
The specific capacitance, specific energy and specific power are 
calculated as [179]: 









                                                            (3.4) 
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                                                          (3.7) 
 
where 
sC is the specific capacitance (F g
-1), I  is the current (A),   is the scan 
rate (V s-1) in CV tests, V  is the potential window (V), t is the discharge 
duration (s), E  is the specific energy (Wh kg-1) and P is the specific power 
(W kg-1). For asymmetric supercapacitor tests, m  is the total mass (g) of 
composites, including positive and negative electrodes. For tests carried out 
using the three-electrode configuration, m  is the mass of active material on 
the working electrode. 
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Chapter 4 : Ni(OH)2/CNT Powder Composites for 
Supercapacitor Applications 
 
4.1 Introduction       
Due to their remarkable power performance, supercapacitors can be 
used as alternative or auxiliary parts for batteries. Ni(OH)2 is one kind of 
active material for supercapacitor electrodes, because of its rich natural 
abundance and low toxicity [134].  However, its electrochemical performance is 
greatly limited by its poor electrical conductivity [180]. To address this problem, 
conducting enhancers such as CNTs can be incorporated into Ni(OH)2 to form 
composites in order to improve electrode conductivity. The synthesis of 
Ni(OH)2 usually involves a hydrolysis process where hydroxyl components 
are required. To form Ni(OH)2 nanostructures, various hydrolysis agents such 
as diethylene glycol [181], hexamethylenetetramine [182] and cetyltrimethyl 
ammonium bromide [183] are previously employed. However, these chemicals 
are toxic and harmful to the environment [184].  
In this chapter, we have developed an environmentally-friendly 
method to prepare Ni(OH)2/CNT composites, using urea as a hydrolysis agent. 
The field-emission scanning electron microscope (FESEM), transmission 
electron microscope (TEM) and X-ray diffraction (XRD) are used to 
characterize the morphologies and structure of the obtained composites. The 
electrochemical performance of both pure Ni(OH)2 and composites are first 
evaluated using the three-electrode configuration. Later, asymmetric 
supercapacitors are assembled using commercial activated carbon as negative 




4.2 Morphologies and Structures 
The formation of the hierarchical Ni(OH)2/CNT (NiC) composites can 
be illustrated in Figure 4.1. When dissolving nickel nitrate in CNT dispersion, 
Ni2+ ions in the dispersion are initially absorbed on acid-treated CNTs due to 
the electrostatic force [158]. When heating the dispersion, urea is decomposed to 
NH3, which either reacts with Ni
2+ to form [Ni(NH3)4]
2+ complexes or is 
hydrolyzed to OH-. In this way, CNTs can serve as heterogeneous nucleation 
centers for the subsequent anisotropic growth of Ni(OH)2 to form a nanoflaky 
shape, with a controlled reaction speed as described in Eq. 4.1 to 4.4 [185].  
2 2 2 3 2CO(NH )  + H O 2NH  + CO                                        (4.1) 
  
2+ 2+
3 3Ni + xNH  [Ni(NH )x]                                             (4.2) 
   
4+ -
3 2NH  + H O  NH  + OH                                             (4.3) 
    
2+ -
2Ni  + 2OH   Ni(OH)                                             (4.4) 
Because of the large curvature of CNTs, it is much easier for Ni(OH)2 
to grow into nanoflakes embedded between CNTs, instead of wrapping the 
nanotubes to form a core–shell structure. During this process, the 
intermolecular bonding play a majority role in the CNT- Ni(OH)2 interactions. 
 





Figure 4.2 shows FESEM images of the pure Ni(OH)2 and the NiC-30 
composite. It is shown in Figure 4.2a that without CNTs, pure Ni(OH)2 
exhibits severe agglomerations composed of hydroxide flakes in different 
sizes. Also, the relative poor image quality is caused by a low electrical 
conductivity of Ni(OH)2. Figure 4.2b presents the morphology of the NiC-30 
composite. As can be seen, the Ni(OH)2 are homogeneously dispersed in the 
CNT matrix. From the FESEM images with higher magnifications (Figure 
4.2c and d). The Ni(OH)2 present nanoflake morphology and are well 
connected with the electrical conducting CNTs. 
 
Figure 4.2 FESEM images of (a) Ni(OH)2 and NiC-30 composite taken at a 
different magnification (b) 10 K, (c) 50 K and, (d) 80 K. 
  
The influence of the content of the CNTs on composite morphology 
are also investigated and the corresponding results are presented in the Figure 
4.3. With the increase of the CNT content, the dispersion of the Ni(OH)2 
become sparser and the size of the Ni(OH)2 flakes are much smaller. The 
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changed morphology can be ascribed to more nucleation centers for the 
Ni(OH)2 growth during synthesis. 
 
Figure 4.3 FESEM images of (a) NiC-10, (b) NiC-30, (c) NiC-50, (d) NiC-70 
and (e) NiC-90 composites 
      
Clearly, the pure Ni(OH)2 is inclined to self-assemble to large 
aggregated particles, consisting of numerous small flakes, as presented in the 
TEM images (Figure 4.4a). The heavily stacked Ni(OH)2 flakes in this 
aggregation is detrimental to both electron transport and ion diffusion during 
the charge/discharge process. Figure 4.4b also confirms the existence of small 
Ni(OH)2, nanoflakes with a length of no more than 70 nm. More interestingly, 
the edges of some nanoplates are even slightly rolled up, indicating their ultra-
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thin nature. Such a porous structure of the composite could permit easy access 
for solvated ions to the electrode surface, which is crucial for Faradaic 
reactions [141]. The crystalline structures of the composites can be revealed 
from the diffraction patterns embedded in Figure 4.4b. Three main diffraction 




Figure 4.4 TEM images of (a) Ni(OH)2 and (b) Ni(OH)2/CNT (NiC-30) 
composite with SAED pattern (inset). 
 
An XRD study is also carried out to investigate the crystalline 
structures of the samples, as illustrated in Figure 4.5. It can be seen that the 
XRD patterns of NiC-30 are similar to those of the pristine Ni(OH)2, 
indicating the successful synthesis of the desired products. The four 
characteristic peaks at 12.1o, 24.5o, 33.4o and 59.4o can be assigned to the 
(003), (006), (101) and (110) diffraction planes of α-Ni(OH)2, respectively. 
These peaks are in good agreement with the diffraction results shown in the 
TEM images and also consistent with previous reports [186,187]. Additionally, 
peaks located at 25.8o and 43.2o can be assigned to the (002) and (101) 
graphitic planes of CNTs and the peak intensity of these peaks increased with 
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CNT content. No peaks from other crystal structures are observed, indicating a 
high purity of prepared composites. Besides, it can be found with the increase 
of the CNT content in the composites, the intensity of (002) peak from CNTs  
also increases significantly. 
 
Figure 4.5 XRD patterns of acid treated CNTs, Ni(OH)2 and the NiC 
composite. 
 
Electrode materials with high porosity usually have better performance 
during the charge/discharge process at a high rate, due to the effectiveness of 
the ion diffusion channels. In order to understand the pore structure of the 
prepared Ni(OH)2 and the NiC composites, isothermal nitrogen 
adsorption/desorption are carried out. For Ni(OH)2 shown in Figure 4.6a, the 
adsorption/desorption curve exhibits a Type IV isotherm characteristic, with a 
hysteresis loop located in the relative pressure ranges of 0.4 ~ 1, indicating the 
existence of various mesopores defined with pore size diameters of 2 to 50 nm. 
NiC-30 presents a similar Type IV curve with larger adsorption volumes and a 
smaller hysteresis loop. The surface area calculated from the BET theory [177] 
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for Ni(OH)2 and the NiC-30 composite are 26.7 and 100.1 m
2 g-1, respectively. 
The higher surface area of the NiC-30 composite compared to Ni(OH)2 can be 
attributed to its hierarchical structure, in which CNTs effectively prevent the 
aggregation of Ni(OH)2.  
 
Figure 4.6 Pore properties of the Ni(OH)2 and Ni(OH)2/CNT: (a) isothermal 
adsorption curves and (b) BJH pore size distribution. 
 
The pore size distributions in Figure 4.6b show that Ni(OH)2 possess a 
narrow pore distribution, where most pores have a diameter of between 17 and 
24 Å in radius. In contrast, the NiC-30 composite shows a wider pore size 
distribution of from 10 to 120 Å. Such a wider size distribution of mesopores, 
as well as a higher surface area compared with pure Ni(OH)2, offers a multi-
level diffusion channels to facilitate ion transport to improve electrochemical 
performance.  
Table 4-1 summarizes the pore properties of the Ni(OH)2 and the NiC 
composites with different amounts of CNT content. The increase of CNT 
content can increase surface area and prevent aggregations of Ni(OH)2. 
Compared with the pure Ni(OH)2, the surface area of the NiC-90 composite 
achievs a fivefold increase of up to 129 m2 g-1. The larger surface area is also 
confirmed by higher pore volumes of the NiC composites, compared to that of 
the pure Ni(OH)2. Although high CNT content in composites can help to 
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improve the porosity of the materials and thus facilitate ion diffusion, it 
decreases the content percentage of the pseudocapacitive Ni(OH)2. For 
example, the mass ratio of Ni(OH)2 in NiC-10 is 43.8 wt. % and that of NiC-
90 is 26.7 wt. %, as determined by the mass difference between CNTs and the 
whole composite. To probe the optimized Ni(OH)2 loading in composites, 
electrochemical measurements were conducted.  
 
Table 4-1 Pore properties of the NiC composites with different CNT content 
based on nitrogen isothermal adsorption on 77 K. 
Sample          CNT             Surface area       Pore volume   Average pore radius  
  name         Content (mg)       (m2 g-1)               (mL g-1)                 (Å) 
 
Ni(OH)2               0                      26.7                    0.065                  48.9 
NiC-10                10                     68.2                    0.129                  37.9 
NiC-30                30                    100.1                   0.198                  39.6 
NiC-50                50                    110.5                   0.268                  48.4 
NiC-70                70                    119.2                   0.239                  42.8 
NiC-90                90                    129.0                   0.267                  41.3 
                             
4.3 Electrochemical Performance  
Figure 4.7 shows the cyclic voltammetry (CV) and galvanostatic 
charge/discharge (GCD) curves of the NiC composites. Figure 4.7a presents a 
typical CV curve of the pure Ni(OH)2 and the NiC-30 composite at a scan rate 
of 2 mV s-1. A pair of strong redox peaks at 0.2 (cathodic) and 0.4 V (anodic) 
can be observed in the CV curves, indicating that the charge storage 
characteristics are mainly governed by Faradaic redox reactions [25]. An up-
raising end from 0.5 ~ 0.6 V can be ascribed to oxygen evolution, which is 
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derived from electrolyte decomposition. The oxidation and reduction current 
peaks can be described by Eq. 4.5 [188]: 
   
- -
2 2α - Ni(OH)  + OH   γ - NiOOH + H O + e                            (4.5) 
Compared with the pure Ni(OH)2, the NiC-30 composite, although 
contains a lower percentage of pseudocapacitance component, exhibits a larger 
enclosed area, reflecting a larger specific capacitance. The CV results of the 
NiC-30 composite at different scan rates are shown in Figure 4.7b. The curves 
are able to maintain the original pseudocapacitance characteristics at a low 
scan rate but distorts at higher scan rates, reflecting the slow ion transportation 
and limited conductivity of electrodes. The separation distance between the 
anodic and cathodic peaks also becomes gradually larger with the increase in 
scan rates, suggesting an intensified polarization [30]. 
 
Figure 4.7 Electrochemical performance of the electrodes: (a) CV curves of 
the pure Ni(OH)2 and the NiC-30 composite at 2 mV s
-1, (b) CV of the NiC-30 
composite at different scan rates, (c) GCD curves of NiC-30 at different 
current densities, and (d) GCD curves of samples with different CNTs content 




Figure 4.7c gives the GCD curves of the NiC-30 composite in 1 M 
KOH aqueous solution between 0 and 0.475 V, at different current densities 
from 0.2 to 2 A g-1. Flat plateaus corresponding to the cathodic reaction can be 
clearly identified at the 0.25 ~ 0.3 V discharge region, which demonstrates the 
Faradaic redox characteristic. To study the effects of CNTs on composite 
performance, GCD tests of the NiC composites with different CNT content are 
carried out. Figure 4.7d presents the GCD curves of NiC composites with 
different CNT content at 1 A g-1. It clearly shows that the NiC-30 composite 
has the longest discharge time (287 s), as well as exhibiting the highest 
specific capacitance of 683 F g-1. The specific capacitances of NiC-10, NiC-30, 
NiC-50, NiC-70, NiC-90 as well as pure Ni(OH)2 at 1 A g
-1 are 591, 683, 498, 
415, 421 and 404 F g-1, respectively.  
With an increase in CNT content, the specific capacitance increases to 
its highest value for the NiC-30 composite. This improvement can be 
attributed to the synergetic effect of hydroxides and CNTs, possessing better 
conductivity and enhanced ion transport, resulting in a higher materials 
utilization [189]. However, with further increase of CNTs, the capacitance 
dropped greatly. This is because the specific capacitance is calculated based 
on total electrode materials, and this increase of CNTs decreased the nickel 
hydroxide content and impaired composite capacitance. Also, it is worth 
noting that the CNTs are only mildly oxidized by 10 wt. % HNO3, therefore 
the further increase of CNT content may cause the nanotube agglomeration, 
which would adversely affect electrochemical performance [190].  
Figure 4.8a exhibits a summary of the calculated capacitance values of 
the NiC composites with different CNT content. Generally, the specific 
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capacitance of supercapacitors should decrease with the increase of current 
densities during the charge/discharge process, due to the enlarged 
overpotential. But, surprisingly, the specific capacitances of prepared 
composites gradually increased together with current density, from 0.2 to 2 A 
g-1. It is because that the charge/discharge tests were conducted in the 
sequence from low to high current density, while long time is needed to wet 
the electrodes. Another possible explanation is that the initial cycles of the 
GCD test lead to some micro-cracks, which further increase the surface area 
and inadvertently facilitate the mass transportation, resulting in an increased 
specific capacitance [191,192].  
 
Figure 4.8 (a) Specific capacitance calculated from the different current 
densities, (b) cycling life of the NiC-30 composite, and (c) GCD curves of 
selected cycles (200, 300, 400 and 490th). 
 
Figure 4.8b presents the cycling performance of the NiC-30 composite 
at 1 A g-1. Its specific capacitance gradually increases to the highest value of 
720 F g-1 after the initial 250 cycles, indicating the need for time to wet the 
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electrodes as well as electrochemical activation. For most pseudocapacitive 
materials such as metal oxides and metal hydroxides, a redox reaction takes 
place during the charge/discharge process, with a crystalline structural change 
[193]. This structural change causes certain volume changes, which introduces 
strain inside the materials, causing the fracturing and peeling off of active 
materials, damaging the long-term cycling stability [135,194].  
In this case, the drop in capacitance becomes very steep after the 300th 
cycle, leading to impaired cycling stability. Selected cycles of GCD curves in 
Figure 4.8c may help us to achieve a better understanding about this 
phenomenon. The curve exhibits a single plateau, representing the reaction 
between α-Ni(OH)2 and γ-NiOOH. However, after 250 cycles, another plateau 
appears at the high voltage region, suggesting the transformation from γ-
NiOOH to β-Ni(OH)2 [195]. Because the volume change of this transformation 
is much larger compared with the transformation between α-Ni(OH)2 and γ-
NiOOH, a greater inner strain is introduced in the electrode materials, causing 
the fracture or the break of active materials.  
 




 Figure 4.9 show the morphology of the NiC-30 composite after the 
cycling test. As can be seen, the original Ni(OH)2 flakes tended to aggregate 
together, causing the decrease specific capacitance. Such kind of the 
aggregation not only increases the ion diffusion path, but also disconnects the 
CNTs between the pseudocapacitive Ni(OH)2, lowering the conductivity of the 
whole composite. 
In order to better understand the chemical transformation and kinetic 
properties of the electrode process, electrochemical impedance spectroscopy 
(EIS) is conducted by applying an alternating voltage of 5 mV amplitude, in a 
frequency range from 0.01 Hz to 100 kHz, under open circuit potential 
conditions. The Nyquist plots shown in Figure 4.10 exhibits two distinct parts, 
including a semicircle in the high frequency region and a sloped line in the 
low frequency region. The intercept points at the real parts are equivalent 
series resistances (RESR), which characterize the internal resistances of 
electrodes, electrolyte and connecting wires [196]. The RESR values estimated 
for both pure Ni(OH)2 and the NiC-30 composite are almost the same, at 2.0 
Ohm. By estimation from the diameter of the semicircle in the high frequency 
region, the charge transfer resistances are about 0.74 Ohm for pure NiC-30 
and 1.6 Ohm for the NiC-30 composite. The near-vertical line of the NiC-30 
composite at the low frequency region demonstrates a better capacitive 




Figure 4.10 Electrochemical impedance spectroscopy (EIS) of Ni(OH)2 and 
the NiC-30 composite. 
 
Given that practical electrochemical devices are actually composed of 
two opposite electrodes, asymmetric supercapacitors with the two-electrode 
configuration are assembled using commercial activated carbon as negative 
electrodes and the NiC-30 composite as positive electrodes. Figure 4.11a 
shows the CV curves of the asymmetric supercapacitor, tested at different 
potential windows from 1 to 1.6 V. Apparently, it can reach a safe potential of 
1.6 V without electrolyte decomposition. The small CV area is the low 
potential range, and can be attributed to the activated carbon having low 
specific capacitance (96 F g-1 at 30 mV s-1). The CV curves of the NiC-30 
asymmetric supercapacitors, at scan rates from 2 to 20 mV s-1, are given in 
Figure 4.11b. A near-rectangular shape can be observed at a low scan rate of 2 
mV s-1, indicating a good reversibility. The specific capacitances are 54, 51, 
46, 40 and 35 F g-1 at 2, 5, 10, 20 and 30 mV s-1, respectively. The GCD 
results in Figure 4.11c also show the potential at 1.6 V. The nonlinear 
curvatures in the discharge curves suggest a pseudocapacitive property of the 
NiC-30 positive electrodes. From the GCD tests (Figure 4.11d), a specific 
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capacitance of 57 and 26 F g-1 can be obtained at 0.5 A g-1 and 4 A g-1, 
respectively. 
 
Figure 4.11 Electrochemical performance of NiC-30 with asymmetric 
configuration: (a) CV curves tested from 0.6 to 1.6 V (b) CV curves at 
different scan rates (c) GCD curves at different current densities, and (d) 
specific capacitances at different current densities. 
 
The energy performance of the assembled asymmetric supercapacitor 
can be referred to in Figure 4.12. A high specific energy of 21.1 Wh kg-1 is 
achieved at a specific power of 168 W kg-1 in Figure 4.12a.  This result is 
much higher than current commercial carbon supercapacitors, whose 
capacitance is typically less than 20 F g-1, based on the total mass of active 
materials [197]. The cycling performance of the asymmetric supercapacitor at 1 
A g-1, as shown in Figure 4.12b. Similar to the results of the three-electrode 
measurements, a stage showing an increase in capacitance before 250 cycles 
can be found. Compared with the three-electrode configuration, the 
capacitance degrades at a much slower rate and has a good retention of 94.3% 
at the end of 2000 cycles. The improved retention can be attributed to a sealed 
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device in which the detached materials can still locate the current collector 
under the compression pressure of the fixture. Compared with the composite, 
the pure Ni(OH)2 suffers not only a low specific capacitance but a poor 
capacitance retention during cycling. 
 
Figure 4.12 (a) Ragone plot and (b) cycling performance of the NiC-30 
composite with asymmetric configuration. 
 
4.4 Summary 
The NiC composites, using urea as hydrolysis agents and with different 
CNT content, were successfully developed. It was found that the NiC-30 
composite with optimized CNT content presented the best electrochemical 
performance with a specific capacitance of 680 F g-1 (up to 720 F g-1 after 
several cycles of activation).  Compared to Ni(OH)2 (404 F g
-1), the improved 
electrochemical performance can be ascribed to the highly porous structure of 
nano-flakes and high electrical conductivity of CNTs, which was beneficial 
for mass and electron transportation. A phase transformation during the long 
term charge/discharge tests was identified, and related volume changes was 





Chapter 5 : Ni(OH)2/CNT Film Composites for Supercapacitor 
Applications 
 
5.1 Introduction      
In the previous chapter, the Ni(OH)2/CNT powder-based composites 
were developed, and the effects of CNT content on composite electrochemical 
performance were investigated. Although a high specific capacitance of nearly 
700 F g-1 was achieved, this powder based composite suffered two major 
problems: (i) the increased electrical resistance due to the usage of PTFE as a 
polymer binder for electrode fabrication, and (ii) the absence of proper CNT 
interconnections. To overcome these two challenges, two-dimensional (2D) 
binder-free CNT electrodes could be developed based on vacuum filtration 
and CVD methods. However, the multi-step and intermittent synthesis process 
limits their widespread application [68,87,198] . 
In this chapter, a continuous fabrication of CNT thin film is developed, 
using FCCVD technology. These CNTs are naturally inter-woven together to 
form 2D interconnected network [95]. Furthermore, these thin films, possessing 
good electrical conductivities, can be directly used as supercapacitor 
electrodes without any additional polymer binders. Ni(OH)2 is also deposited 
on the obtained CNT thin films, via electrochemical deposition. The prepared 
film composites exhibit nano-flaky structures, with high specific capacitances. 
 
5.2 Morphologies and Structures 
The synthesis process of the CNT films is illustrated in Figure 5.1a and 
b. In the reaction chamber during CNT synthesis, ferrocene is decomposed at a 
high temperature to generate iron nanoparticles, which serve as the catalyst for 
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nucleation of the CNTs. To achieve a better distribution of CNTs, thiophene is 
injected into the reactor, to promote the formation of CNTs by catalysing 
methane decomposition, and generating an iron sulphide layer to prevent 
catalyst agglomeration. Once the carbon atoms saturate in iron particles, they 
precipitate out and form the CNTs. Due to the high reaction speed in the tube 
furnace, a dense elastic CNT aerosol is instantly formed inside. This aerosol 
can be collected at the outlet of the reactor through a rotator. Figure 5.1c 
shows an ultra-long thin film with a length of ~ 1.5 m. The thickness of the 
CNT films can be easily controlled by changing the number of rotations. 
Figure 5.1d shows the morphology of CNT films with low magnification. As 
can be seen, the film can be regarded as a highly porous network 
interconnected by CNTs. 
 
Figure 5.1 Illustration of the (a) synthesis of CNT films (b) preparation of 
Ni(OH)2/CNT thin film (NiC-TF) composites, (c) digital image of the 
prepared CNT film, and (d) FESEM images of the CNT thin film. 
 
In the FESEM images shown in Figure 5.2a, it was found that CNTs 
generally possess a random orientation without any specific directionality. 
This CNT network is formed due to an isotropic reaction atmosphere, in which 
CNTs exhibit equal growth tendency along different directions. When drawing 
CNTs out from the reactor, it is true that a slight pulling force will be exerted 
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on the CNT films. However, this force is too small to affect CNT alignment. 
Under a more careful observation, it can be found that some impurities still 
remain inside the film, and more detailed identification is needed.  
 
Figure 5.2 (a) FESEM images of CNT films, (b) TEM images of CNT bundle 
inside the film, and (c) CNT entanglement. 
 
The CNT film shown in Figure 5.2b is in fact the secondary assembly 
of CNT bundles, instead of the individual CNTs. Typically, bundles with a 
diameter of ~ 40 nm consist of 5 ~ 10 individual CNTs. The formation of 
these bundles can be attributed to the strong van der Waals force during the 
acetone condensation processes [199,200]. The bundling of CNTs in our films are 
much less compared with other reports using the flirtation method [161,201]. 
Figure 5.2c gives a detailed view of the impurities presented inside the CNT 
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films. As can be seen, the aggregated particles shown in the previous FESEM 
image (Figure 5.2a) are deformed CNTs that entangled together. Considering 
the short distance between iron catalysts, the precipitated CNTs tend to 
interfere with each other, causing not only a short life of the catalyst, but also 
a severe local entanglement [202]. Because of the poorly developed graphitic 
structures, these entanglements suffer from low electrical conductivities. 
To further enhance the specific capacitance, Ni(OH)2 is deposited on 
the CNT films to form a Ni(OH)2/CNT thin film composite (NiC-TF) via an 
electrochemical deposition. At the cathode, the NO3
- ions  from Ni(NO3)2 
accept electrons to give OH- ions, which adjust the local pH values of the 
solution, leading to the precipitation of Ni(OH)2 on the CNT films, as shown 
in Eq. 5.1 and 5.2 [203]. 
-- + -
2 3 410 H O + NO  + 8e   NH + 10OH                              (5.1) 
 2+ -
2 
Ni  + 2OH    Ni OH                                          (5.2) 
Figure 5.3 exhibits the structures of the NiC-TF composite with 
Ni(OH)2 deposited with different charges, denoted as NiC-TF-x. For NiC-TF-
1, due to the small amount of deposited hydroxide, a large number of exposed 
CNTs can be clearly observed in Figure 5.3a, suggesting that Ni(OH)2 only 
partially wraps around CNTs. With the increase of Ni(OH)2 content, a 
Ni(OH)2-CNTs core-shell structure can be observed in Figure 5.3b, where the 
CNTs can serve as an electrically conducting core, and Ni(OH)2 as the 
capacitance enhancer. In addition, the porous network consisting of CNTs 
provides an excellent ion transport pathway, which is critical for the 
improvement of electrochemical performance of the composite. With a further 
increase of Ni(OH)2 content (Figure 5.3c and d), the Ni(OH)2 is inclined to 
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aggregate together. These aggregations not only elongate the electron transport 
pathway, but also block the ion diffusion channels. Therefore, too much 
Ni(OH)2 exerts a negative impact on the electrochemical performance of 
electrodes. 
 
Figure 5.3 FESEM images of the NiC-TF composites with different 
deposition charges: (a) 1C, (b) 2C, (c) 3C, and (d) 4C. 
 
The crystalline structures of the CNT films and the NiC-TF composites 
are characterized by XRD, as shown in Figure 5.4. The peaks of CNTs, at 
22.8o and 44.7°, can be indexed to the (002) and (101) graphitic planes, which 
is in good agreement with the literature [187,204]. Other peaks, located at 12.4, 
33.9 and 60.0°, can be identified to the (003), (101) and (110) planes of the α-
Ni(OH)2 respectively, suggesting a successful incorporation of hydroxide. 





Figure 5.4 XRD patterns of the CNT film and NiC-TF film composites with 
various Ni(OH)2 content. 
 
5.3 Electrochemical Performance  
The electrochemical performance of the pristine CNT thin film was 
firstly evaluated with the three-electrode configuration. CV curves at different 
scan rates, from 2 to 500 mV s-1, in 1 M KOH, are shown in Figure 5.5a. The 
CV loop at small scan rates gave a rectangular shape, indicating ideal 
capacitance behaviour. Such a rectangular shape is maintained to a scan rate of 
as high as 500 mV s-1, reflecting the good electrical conductivity of CNT films. 
The slight curled tail at 0.6 V could be attributed to water decomposition. 
Specific capacitances of the CNT films, calculated from CV tests, are shown 
in Figure 5.5b. The capacitance decreases with the increase of the scan rate, 
which is attributable to the retardation of electron transport and limiting of ion 




Figure 5.5 (a) CV curves and (b) specific capacitances of the CNT films.  
 
The CV curves of the NiC-TF composites, with different contents at 2 
mV s-1, are presented in Figure 5.6a, showing their electrochemical nature. A 
pair of anodic and cathodic peaks can be clearly identified, indicating the 
redox reaction described by Eq. 4.5 in Chapter 4. Also, with increasing content 
of Ni(OH)2, an increase in polarization is observed. When the deposition 
charge increased to 3 C (~84.7 wt.% Ni(OH)2) and 4 C (~88.3 wt.% Ni(OH)2), 
we can even observe a distortion of the anodic peak near 0.5 V, possibly due 
to the decreased electrical conductivity from Ni(OH)2 aggregations. The 
calculated specific capacitances of NiC-TF-1, NiC-TF-2, NiC-TF-3 and NiC-
TF-4 composite at 2 mV s-1 are 1048, 1163, 1452 and 996 F g-1, respectively.  
Figure 5.6b gives the GCD performance of different NiC-TF 
composites at 6 A g-1. Flat discharge plateaus at ~ 0.25 V also confirm the 
redox nature of the NiC-TF composite. Among NiC-TF composites with 
different Ni(OH)2 content, the NiC-TF-3 composite presents the longest 
discharge time, indicating its highest specific capacitance. Whereas, for NiC-
TF-4, the increase of Ni(OH)2 content in the composite merely brings about a 
decrease in capacitance, possibly due to Ni(OH)2 aggregation, as seen in 
Figure 5.3d. The CV results of the NiC-TF-2 composite, at scan rates from 2 
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to 30 mV s-1, are exhibited in Figure 5.6c. With the increase in scan rate, 
unlike the prinstine CNT films, the CV curves distort dramatically, 
characterized by deformed anodic peaks. Figure 5.6d shows the GCD profiles 
of NiC-TF-2 at different current densities. An increased polarization can be 
found with an increase of the discharge rate, due to the increase in 
overpotential. 
 
Figure 5.6 Electrochemical performance of the NiC-TF composite films (a) 
CV curves, (b) discharge profiles of composites with different Ni(OH)2 
content, (c) CV curves of NiC-TF-2 at different scan rates, and (d) discharge 
curves of the NiC-TF-2 composite. 
 
Figure 5.7 presents the specific capacitances of various NiC-TF 
composites. Although NiC-TF-3 gives the highest capacitance (1283 F g-1) at 
low discharge rates, it soon deteriorates with increases in the scan rate and 
current density. This quick drop is related to the lower composite conductivity 
caused by the aggregation of Ni(OH)2. For NiC-TF-2, it is able to maintain a 
high specific capacitance at higher discharge rates, reflecting an optimized 
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Ni(OH)2 content. Compared with the Ni(OH)2/CNT powder composite 
presented in Chapter 4, the NiC-TF 2D composite demonstrates advantages in 
both larger specific capacitance and better capacitance retention at high rates. 
 
Figure 5.7 Specific capacitances of NiC-TF composites with various Ni(OH)2 
content at different current densities. 
 
The Nyquist plots of the NiC-TF composites, with different Ni(OH)2 
content, are displayed in Figure 5.8a. The intersection between the semicircle 
and the abscissa characterizes the equivalent series resistance (RESR), 
reflecting the total resistance from the electrolyte, electrode materials and the 
connecting wires [206]. The diameter of the depressed semicircle at high 
frequencies is the charge transfer resistance, which is usually used to 
understand the kinetic properties of materials, denoted as Rct. Four of the NiC-
TF composite films have a similar ESR of ~ 2 Ohm. However, the increase in 
Ni(OH)2 content clearly brings about a larger Rct, indicating hampered 
electron transport caused by Ni(OH)2 aggregation. The EIS results are also 
consistent with the GCD tests. Good electron transport pathways contribute to 




Figure 5.8 (a) Electrochemical impedance spectroscopy (EIS) and (b) cycling 
performance of the NiC-TF composite. 
 
The cycling performance of the composites is given in Figure 5.8b. 
The capacitance retentions of the NiC-TF-1, NiC-TF-2, NiC-TF-3 and NiC-
TF-4 composites after 300 cycles are 58.4, 83.8, 53.3 and 33.5%, respectively. 
The NiC-TF-1 and NiC-TF-3 composites present a quick drop in capacitance 
for the initial 50 cycles, followed by a graduate degradation. For NiC-TF-4, it 
gives a quick decrease in capacitance over the 300 cycles. In the case of NiC-
TF-2, the specific capacitance first increases, after which it decreases. The 
initial increase is related to an activation process involving the improvement 
of ion accessibility [207]. Compared with the NiC powder-based composite 
mentioned in Chapter 4, this activation stage is smoother and faster, owing to 
a better wetting process due to the interconnected CNTs. For the cycling 
deterioration, there are two explanations: (i) the dissolution of active materials 
into the electrolyte and (ii) the detachment of Ni(OH)2 from CNTs. The first 
one causes a direct loss of active materials, while the second one often results 
in low material utilization [135].  
In order to understand the mechanism of the poor cycling stability, 
FESEM images of the NiC-TF-2 and NiC-TF-3 composites after 300 
charge/discharge cycles are presented in Figure 5.9. For the NiC-TF-2 
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composite, Ni(OH)2 aggregations can be found after cycling. The deterioration 
in the materials structure is caused by a 18.8% volume change between α-
Ni(OH)2 and γ-NiOOH based on the volume of the crystal cell, resulting in a 
large strain between Ni(OH)2 and the conducting media. This situation is 
much worse in the NiC-TF-3 composite, because the high content of Ni(OH)2 
limits the role of CNTs as a buffer during changes in volume. With an increase 
in content of Ni(OH)2, the severe aggregation not only brings about a larger 
resistance, but also blocks the ion diffusion channels, leading to a poor cycling 
performance [134]. 
 
Figure 5.9 FESEM images of the (a) NiC-TF-2 and (b) NiC-TF-3 composite 
after cycling tests. 
 
Figure 5.10 presents the electrochemical performance of the assembled 
asymmetric supercapacitors. Due to the optimized performance of the NiC-
TF-2 composite, it is used as the positive electrode and activated carbon is 
used as the negative electrode, similar to the case of NiC powder composites. 
Due to the high specific capacitance of NiC-TF composite films, the mass 
ratio between composites and activated carbon is 1:5. Figure 5.10a gives the 
CV curves of the asymmetric supercapacitor at different potential windows, at 




Figure 5.10 Electrochemical performance of the asymmetric cell of NiC-TF-2: 
(a) CV curves at different potential windows, (b) CV curves at different scan 
rates, (c) GCD profiles at different current densities, and (d) specific 
capacitances from the GCD tests. 
 
The CV curves at different scan rates are shown in Figure 5.10b. The 
NiC-TF asymmetric supercapacitor gives a near-rectangular shape at a low 
scan rate of 2 mV s-1. This kind of enclosed loop slightly distorts at raised scan 
rates above 20 mV s-1. A cathodic peak at 1.1 V can be easily identified, 
because of the redox reaction of Ni(OH)2 
[208]. The charge/discharge profiles 
are displayed in Figure 5.10c. The total discharge time is 238 secs, which is 
greatly larger than that of the NiC powder composite in Chapter 4, indicating a 
higher specific capacitance. Figure 5.10d shows the specific capacitances at 
different discharge rates of up to 10 A g-1. As can be seen, a high specific 
capacitance of above 70 F g-1 is achieved. The asymmetric supercapacitor 
maintains a specific capacitance of 31 F g-1 at a current density of 5 A g-1, 
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demonstrating better power performance, compared with the powder based 
structure. 
Figure 5.11 presents the specific energy and power of the assembled 
supercapacitors. The film composite locates at an outer side of the plot, 
suggesting a better performance at the equal energy level, compared with the 
NiC powder based structure. A higher energy of 26.2 Wh kg-1 is achieved, at a 
specific power of 392 W kg-1. 
 
Figure 5.11 Ragone plot comparing the NiC-TF-2 composite with the NiC-30 
powder composite. 
 
 Compared with the powder based NiC composite mentioned in 
Chapter 4, the 2D NiC-TF composites demonstrate higher specific energy and 
charge/discharge rates. The improved performance can be ascribed to the 
interconnected CNTs, which not only offer a more efficient electron transport 
pathway, but are also more effective in preventing Ni(OH)2 aggregations. 
More significantly, the 2D film design result in a binder-free electrode, which 





Continuous CNT thin films were successfully fabricated by the 
FCCVD process. The developed FCCVD technique had great potential for 
industrial scale-up and mass production of CNT thin films [209]. The obtained 
ultralight CNT films and Ni(OH)2/CNTs composites were used directly for 
supercapacitor applications, with a large specific capacitance of more than 
1200 F g−1 and 83% cycling stability after 300 cycles, which clearly 
demonstrated a better electrochemical performance as compared to the powder 
structure. CNTs played both roles in facilitating electron transport as well as 
preventing Ni(OH)2 aggregation. More importantly, the replacement of metal 
current collectors with the conducting CNT thin films would dramatically 




















In Chapter 5, two-dimensional (2D) film-like Ni(OH)2/CNT 
composites were developed for supercapacitor applications. Although the 
developed composites demonstrated higher capacitances and rate retention, 
compared with the powder-based materials (in Chapter 4), both the cycling life 
and mass loadings need to be further improved. From this perspective, three-
dimensional (3D) CNT composites should be developed. First of all, designing 
compositions with active materials in 3D can effectively improve mass 
loading, leading to higher areal capacitance. In addition, CNT arrangements in 
a space of higher dimensions can better accommodate the change in volume of 
pseudocapacitive Ni(OH)2 during charge/discharge, offering better cycling 
stability [111].  
This chapter focuses on the development of a 3D interconnected CNT 
structure, based on a sol-gel method for supercapacitor applications. The 
developed composites have a porous structure with satisfactory 
electrochemical performance, in terms of specific capacitance and cycling 
stability. The influence of Ni(OH)2 with different content, on the 3D 
Ni(OH)2/CNT composites, are also investigated. 
 
6.2 Morphologies and Structures 
The structures with interconnected CNT hydrogels can be easily 
achieved by a coating-aging method, as illustrated in Figure 6.1. During the 
gelation process, the individual CNTs form a 3D randomly-oriented network, 
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owing to the van der Waals force between CNTs [125] and osmotic pressure of 
SDBS-formed micelles [129]. In this stage, the van der Waals force causes the 
percolation of nanotubes to form a 3D structure and brings about the bundling 
of the individual CNTs. For the CNT hydrogels prepared without drying, they 
are much less bundled. For the CNT xerogels directly dried in a fumehood, the 
individual CNTs tend to bundle together seriously due to capillary interaction 
[199,200]. To synthesize the CNT hydrogel and xerogel composites, Ni(OH)2 is 
electrochemically deposited at both the CNT hydrogel and CNT xerogel. 
 
Figure 6.1 Schematic illustration of the formation of CNT hydrogel/xerogel 
and their derived Ni(OH)2 composites. 
 
Figure 6.2a depicts the nickel foam with an average cavity size of 150 
µm. Figure 6.2b shows the CNT xerogel, consisting of the randomly oriented 
CNT bundles, with widths ranging from 20 to 80 nm. The porous structure 
presented in the xerogels is ideal for ion transport [117]. The morphology of the 
CNT hydrogel is shown in Figure 6.2c. As compared to xerogels, the CNT 
hydrogel is composed of either individual CNTs or slightly bundled CNTs 
[125,130,210]. Compared with the CNT xerogels, the hydrogel structure has a 
higher surface area, but the inhomogeneity of the CNT distribution may 




Figure 6.2 FESEM images of (a) the nickel foam, (b) the CNT xerogel, and (c) 
the CNT hydrogel.  
 
Also, the 3D structure was homogenously coated with the CNT. For 
CNT xerogel and hydrogel, CNTs are homogeneously deposited in the nickel 




Figure 6.3 FESEM of (a) CNT xerogels and (b) CNT hydrogels at low 





The structures of the deposited Ni(OH)2, Ni(OH)2/CNT xerogel (NiC-
xero) composite and Ni(OH)2/CNT hydrogel (NiC-hydro) composite are 
shown in Figure 6.4. When directly deposited on the nickel foam, Ni(OH)2 
shows severe aggregations consisting of self-assembled flakes in Figure 6.4a. 
The CNT xerogel composite in Figure 6.4b displays a porous structure with 
embedded Ni(OH)2 nano-flakes. CNT bundles preserve their original structure 
in xerogels and play an important role in preventing the aggregation of active 
materials. For the NiC-hydro composites shown in Figure 6.4c, the Ni(OH)2 
flakes grow along the CNTs to form a core-shell structure. The apparent 
difference in morphology between the NiC-xero composite and NiC-hydro 
composite is caused by the different CNT structures. During the deposition of 
Ni(OH)2, the small surface curvature and the large pores of the CNT xerogel 
facilitate ion transport during Ni(OH)2 growth, rendering Ni(OH)2 embedded 
within the CNT nest. In contrast, the smaller pore size as well as the narrow 
CNT bundles in the hydrogel gives a large curvature, causing a quick 
depletion of nickel ions near the bundle surface, leading to the hetero-





Figure 6.4 FESEM images of (a) Ni(OH)2 deposited at nickel foam, (b) the 
NiC-xero composite, and (c) the NiC-hydro composite. 
 
Compared with the Ni(OH)2 directly deposited at the nickel foam, 
composite design of xerogel and hydrogel has the merit of high utilization of 
the pores inside the nickel foam. In Figure 6.4a, Ni(OH)2 only locates at the 
backbone of the nickel foam to form a quasi-3D structure. Nevertheless, the 
CNTs in the hydrogel and xerogel composites can completely fill the 
macropores of the nickel foam to establish an internal micro-conductive 
network (Figure 6.5). Unlike other carbon-based xerogels [213], the developed 
CNT xerogels in this thesis preserve their 3D structures. The improved 
structural stability is attributed to a synergistic effect between the macro-
network of the nickel foam and the micro-network of the CNTs. More 
importantly, FESEM images from sectional areal of xerogel and hydrogel 
samples shown in Figure 6.5c and 6.5d clearly demonstrate that the 3D CNT 




Figure 6.5 FESEM images of (a) the NiC-xero composite and (b) the NiC-
hydro composite; sectional morphologies of (c) the NiC-xero composite and (d) 
the NiC-hydro composite. 
 
          Ni(OH)2 is also introduced into the CNT structure, with the purpose to 
improve supercapacitor performance. To control the morphology of the NiC-
xero composites, the deposition charges during material synthesis are varied, 
and the corresponding products are presented in Figure 6.6a-c. At a low 
deposition charge of 1.11 C, Ni(OH)2 partially fills the pores under the small 
deposition charge (Figure 6.6a) and generates various mesopores in the 
xerogels. When the deposition charge further increases from 1.11C to 3.33 C 
(Figure 6.4b) and 5.55 C (figure 6.6b), the pores are almost fully occupied by 
the Ni(OH)2, and some hydroxides even starts to grow out of the CNT bundles 
in xerogel. As expected, the further increase of Ni(OH)2 content also caused 
serious aggregations (Figure 6.6c), resembling the Ni(OH)2 deposited on the 
nickel foam. This phenomenon is caused by the internal stress created during 
Ni(OH)2 growth 
[214]. The synthesized Ni(OH)2 could spread the surrounding 
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CNT xerogel to form thin layers. Then, the Ni(OH)2 overflow from each thin 
xerogel layer and aggregate between these layers to form a “skin-skeleton” 
structure. Finally, when the deposition charge increases to 7.77 C, the thicker 
Ni(OH)2 flakes can be observed more clearly, as seen in Figure 6.6c. The 
structural variation, from a 3D “full-filled” network to the “skin-skeleton” 
network presented above, indicates the limit of CNTs in preventing Ni(OH)2 
aggregation. 
 
Figure 6.6 FESEM images of the NiC-xero composites with Ni(OH)2 
deposited at different charges of (a) 1.11 C (b) 5.55 C, and (c) 7.77 C. 
 
Figure 6.7 shows the TEM images of the NiC-xero and NiC-hydro 
composites. For the xerogel composites (Figure 6.7a), ultrathin Ni(OH)2 flakes 
are successfully incorporated into the CNT scaffold. As a matter of fact, the 
Ni(OH)2 would not completely block the pores in the CNT scaffold. The small 
gaps reserved between the hydroxides and the CNT bundles are beneficial for 
ion diffusion. While in the NiC-hydro composite (Figure 6.7b), the flaky 
Ni(OH)2 grow along the CNT bundles, with minor aggregations, to form an 
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inhomogeneous structure. This architecture may also achieve a good electron 
transport pathway, but with poor long term stability, because the CNTs merely 
connect Ni(OH)2 on one edge. CNT bundles in xerogels consist of 40 ~ 80 
individual CNTs (right inset in Figure 6.7a), while in hydrogels about 5 ~ 10 
individual CNTs (right inset in Figure 6.7b) can help to compose the CNT 
bundles, as shown in the inset images. Considering the same distributions of 
both metallic and semiconducting CNTs, the larger bundles in xerogels are 
supposed to process higher conductance, simply because they contain more 
metallic CNTs [215].  
The diffraction patterns in the SAED images of NiC-xero (Figure 6.7c) 
and NiC-hydro (Figure 6.7d) indicate the existence of both α and β-Ni(OH)2 
[136]. For the NiC-xero composites, the (003), (006), (009), (101) crystal planes 
from α-Ni(OH)2 and (102), (201) planes from β-Ni(OH)2 are found. For the 
hydrogel composites, the diffractions can be assigned to the (003), (014), (110) 






Figure 6.7 TEM images of (a) the NiC-xero composite and (b) the NiC-hydro 
composite with inset image at high magnification; SAED patterns of the (c) 
the NiC-hydro and (d) the NiC-xero composite. 
 
6.3 Electrochemical Performance  
The electrochemical performance of the CNT xerogel and hydrogel 
composites is shown in Figures 6.8a and 6.8b. The nearly rectangular shape of 
the CV curves clearly indicates a double layer capacitance, due to the ion 
adsorption at the interface between CNTs and the electrolyte. The CV curves 
maintain their shape even with an increased scan rate of up to 500 mV s-1, 
reflecting an excellent electrical conductivity of the CNT network in both 
hydrogels and xerogels. The calculated specific capacitances are shown in 
Figure 6.8c. For the CNT xerogel, it reaches 36 F g-1 at 2 mV s-1; while for the 
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hydrogel, only 23 F g-1 can be achieved at the same scan rate. The better 
electrochemical performance of xerogels can be attributed to a much more 
homogeneous distribution of CNT bundles. 
 
Figure 6.8 CV results at different scan rates of (a) CNT xerogel, (b) CNT 
hydrogel, and (c) the corresponding specific capacitances. 
 
Figure 6.9 shows the electrochemical performance of Ni(OH)2 and the 
NiC gel composites. The CV curves in Figure 6.9a show that both the Ni(OH)2 
and the NiC gel composites exhibit redox peak pairs. Compared with the CNT 
gels in Figure 6.8, both the NiC-xero and the NiC-hydro composites present a 
larger enclosed area, indicating higher specific capacitances. A smaller 
polarization in the NiC-xero composite, compared with NiC-hydro and 
Ni(OH)2, can be ascribed to the better conductivity of the composite 
[216]. 
Figure 6.9b presents the specific capacitance calculated from the CV curves. 
The deposited Ni(OH)2, the NiC-xero and the NiC-hydro delivered the 
specific capacitances of 899, 1221, and 1124 F g-1 at 2 mV s-1, respectively. In 
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spite of a high specific capacitance at low scan rates, the NiC gel composites 
encounters a decrease of specific capacitance at higher scan rates, due to the 
limited ion and electron transport. 
 
Figure 6.9 Electrochemical performance of various gel composites: (a) CV 
curves of various gel composites, (b) specific capacitance calculated from 
different scan rates, (c) discharge profiles of Ni(OH)2, NiC-xero and NiC-
hydro composites, and (d) their specific capacitances obtained from different 
galvanic discharge rates. 
 
Figure 6.9c gives the discharge profiles of the prepared Ni(OH)2 and 
their composites. The observed flat plateaus similarly demonstrate a redox 
charge/discharge process. Compared with the Ni(OH)2, the delicately 
engineered NiC-xero and NiC-hydro composites give a longer discharge time, 
suggesting a higher specific capacitance. The specific capacitances of Ni(OH)2, 
NiC-xero and NiC-hydro composites are 785, 1289 and 1409 F g-1 at 4 mA 
cm-2 respectively, as shown in Figure 6.9d. Among the three kinds of 
structures, the NiC-xero composite achieves the optimal electrochemical 
performance, in terms of a satisfactory low-rate capacitance and a good high-
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rate capacitance retention. Although the NiC-hydro composite presents the 
highest specific capacitance at low discharge rates, it deteriorates quickly at 
higher discharge rates. The improvement of the NiC-xero composite can be 
attributed to better electrical conductivity and more homogeneous distribution 
of the larger CNT bundles. 
The effects of the Ni(OH)2 content on the electrochemical performance 
of the CNT-xerogel composites are presented in Figure 6.10. Although 
increasing the content of Ni(OH)2 leads to a longer discharge time, indicating 
a higher total capacitance due to a higher mass loading of active materials 
(Figure 6.10a), the NiC-xero-3.33 composite achieves the optimal capacitance 
and the high-rate capacitance retention (Figure 6.10b). Increasing the 
hydroxide deposition charges leads to hydroxide aggregation, which renders 
the electrode a fast capacitance loss at the higher discharge rate. The NiC-
xero-1.11C composite gives the most excellent capacitance retention at high 
discharge rates but suffers a low specific capacitance, due to minimal Ni(OH)2 
content in the NiC-xero composite.  
 
Figure 6.10 Electrochemical performance of NiC-xero electrodes with (a) 
various different Ni(OH)2 content and (b) their specific capacitances. 
 
To prove its successful development of over novel composite. Their 
areal capacitances are also calculated, based on the division between the total 
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capacitance and electrode area. A high areal capacitance of 4.27 and 3.16 F 
cm-2 is obtained for the NiC-hydro composite and the NiC-xero composite at 4 
mA cm-2, respectively. The achieved values in this work are much higher than 
previous works [217–220] on MnO2/graphene aerogel composites and their 
Ni(OH)2 counterpart 
[135,221], and highly competitive with Ni(OH)2/graphene 
aerogel composites [216]. For the NiC-xero composite with different Ni(OH)2 
content, a very high specific capacitance of above 7 F cm-2 is reached for NiC-
xero-7.77, which surpasses most previous reports [195,205,222]. Its ultra-high 
areal capacitances is obtained simply because of a high mass loading of the 
composite (5.59 mg cm-2). However, with various deposition charges, only the 
NiC-xero-3.33 achieves good capacitance retention with the optimal mass 
loading (2.46 mg cm-2). 
For a better understanding of the kinetic properties of the prepared 
samples, the electrochemical impedance spectroscopy (EIS) of the different 
composites are also measured, as shown in Figure 6.11a. The equivalent series 
resistance of the Ni(OH)2, NiC-xero and NiC-hydro composites are 1.21, 1.16 
and 0.88 Ohm, respectively. Compared with the Ni(OH)2 on the nickel foam, 
both the NiC-xero and the NiC-hydro composites demonstrate smaller charge 
transfer resistances (Rct) of 0.87 and 1.60 Ohm respectively, as estimated from 
the depressed semicircle. The low Rct indicates a facilitation of electron 
transport that benefited from the CNT scaffold. Meanwhile, for Ni(OH)2, the 
electrons have to be delivered from the bottom of the nickel foam to the main 
bulk of Ni(OH)2, and then to the layers in contact with the electrolyte, leading 
to the large Rct of 40.77 Ohm. The near 45
o slope portion of the EIS curve 
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connecting the semicircle (Warburg Resistance) is related to the frequency-
dependent ion transport [178]. 
 
Figure 6.11 (a) Electrochemical impedance spectroscopy and (b) cycling 
performance of the Ni(OH)2 the NiC-xero, and the NiC-hydro composite. 
 
Figure 6.11b presents the long term cycling performance at a constant 
charge/discharge rate of 10 mA cm-2. The NiC-xero composite has a good 
capacitance retention of 85.2% after 1000 cycles. For the NiC-hydro 
composite, although it shows the highest specific capacitance for the initial 10 
cycles, but its capacitance dramatically deteriorates and preserves only ~19.4% 
after the 1000th cycle. Similarly, the capacitance of Ni(OH)2 decreases 
gradually to 37.5% of the initial capacitance after the 1000th cycle. 
To understand the improved cycling stability of the NiC-xero 
composite, the FESEM images of samples after the cycling test are taken, as 
shown in Figure 6.12. For Ni(OH)2, no major change in morphology is 
observed (Figure 6.4b). Its decrease in capacitance is possibly due to  Ni(OH)2 
detaching from the nickel foam [195]. In contrast, the CNT-xerogel composite 
(Figure 6.12b) have minor morphology changes, even after the 1000th cycle, 
due to better bonding between Ni(OH)2 and the CNT bundle surface. In 
addition, the CNT bundles in the porous structures of the xerogel composite 
serve as buffer layers to accommodate the internal strain generated during the 
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charge/discharge cycles and as such, maintain electrode stability. For the 
CNT-hydrogel composite, newly formed aggregations of Ni(OH)2 are 
observed (Figure 6.12c) along the CNTs. After several charge/discharge 
cycles, the phase transformation during charge/discharge process may 
generate strain, which can make Ni(OH)2 detach from the electrically 
conducting CNT network, resulting in a poor electrochemical performance.  
 
Figure 6.12 FESEM images of (a) Ni(OH)2, (b) the NiC-xero, and (c) the 
NiC-hydro composite after 1000 cycles. 
 
Figure 6.13 presents the electrochemical performance of the assembled 
asymmetric supercapacitors using Ni(OH)2, NiC-xero or NiC-hydro as 
positive electrodes. Both NiC-xero (Figure 6.13a) and the NiC-hydro 
composite (Figure 6.13b) can safely reach a potential of 1.6 V. The cathodic 
peak near 0.8 V can be attributed to the redox reactions from Ni(OH)2





Figure 6.13 Electrochemical performance of the asymmetric supercapacitor: 
(a) CV curves of the NiC-xero composite, (b) CV curves of the NiC-hydro 
composite at the different potential windows, (c) CV curves of the different 
composites, and (d) specific capacitances of the Ni(OH)2, the NiC-xero and 
the NiC hydro composites. 
 
Figure 6.13c compares the CV results of the different composites at 30 
mV s-1. As opposed to Ni(OH)2, the NiC-hydro and the NiC-xero composites 
present larger current densities, indicating higher capacitance due to improved 
electron and ion transport. The NiC-xero and NiC-hydro composites also show 
a much larger enclosed curve from 0 to 0.5 V. This difference occurs because 
the CNT composites have higher conductivities, and thus, Ni(OH)2 can 
properly work in a range of low potential due to an alleviated polarization. In 
Figure 6.13d, when increasing the scan rates, the specific capacitance of 
Ni(OH)2 quickly decreases at a higher scan rate, while the NiC-xero and NiC-
hydro composites show good specific retention at higher scan rates. The 
specific capacitances of the NiC-xero composite were 68, 59, 41 and 31 F g-1 
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at 2, 10, 50 and 100 mV s-1 respectively. However, for the Ni(OH)2, it merely 
reaches 19 F g-1 at a high scan rate of 100 mV s-1. 
Figure 6.14a presents the specific energy and the specific power of 
Ni(OH)2, the NiC-xero and the NiC-hydro composite, calculated from the 
galvanostatic charge/discharge (GCD) results. The NiC-xero composite 
presents the highest energy performance, with a remarkable specific energy 
density of more than 22.4 Wh kg-1 at low specific power ranges. For Ni(OH)2, 
only 11.1 Wh kg-1 could be reached at the same specific density. Figure 6.14b 
presents the cycling performance of the prepared composites. After a rapid 
degradation, Ni(OH)2 maintains a stable specific capacitance of 20 F g
-1. In 
contrast, the NiC-xero and the NiC-hydro composites show higher capacitance 
retentions of 70 % and 62 % respectively. The better performance of the NiC-
xerogel composites can be attributed to the roles of CNTs acting as a buffer 
layer, avoiding the large change in volume during the Ni(OH)2 phase. 
 
Figure 6.14 (a) Ragone plots and (b) cycling performance of the Ni(OH)2, the 








The 3D CNT structures, including hydrogels and xerogels, were 
successfully developed in this chapter. Compared with the CNT hydrogel, the 
CNT xerogel showed a higher specific capacitance of 30 F g-1. In order to 
further increase the specific capacitances, Ni(OH)2 was successfully 
incorporated into the 3D CNT gels. They showed different structures and 
morphologies: Ni(OH)2 attached to CNTs to form a core-shell structure in the 
hydrogel composite, whereas it formed an embedded structure in the xerogel 
composites. A structural variation was also found with the over-deposition of 
pseudocapacitive Ni(OH)2, which negatively impacted supercapacitance 
performance. Both NiC-hydro and NiC-xero composites presented a 
capacitance of above 1000 F g-1. Moreover, the xerogel composite 
demonstrated a better cycling stability than that of the powder-based (Chapter 
4) and film-like structures (Chapter 5). The improved cycling performance 
could be attributed to the 3D CNT structure acting as a buffer. It was also 
important to note that the 3D Ni(OH)2/CNT composite exhibited a competitive 
electrochemical performance to the 2D structure, while providing higher mass 















Mn3O4 is widely used for supercapacitor applications, due to its 
remarkable pseudocapacitive behaviour. Compared with Ni(OH)2, Mn3O4 has 
wider potential windows, endowing supercapacitors with a higher energy 
density. However, because of its low electrical conductivity and dense micro-
structures, the specific capacitances of Mn3O4 are much lower, compared with 
those of Ni(OH)2 
[133].  
In this chapter, to demonstrate the advantages of developed three-
dimensional (3D) structures, we incorporate Mn3O4 into the 3D CNT network 
using electrochemical deposition techniques [223]. The direct electrochemical 
deposition under static current is initially applied to deposit Mn3O4 inside the 
CNT xerogels, but this gives an unsatisfactory structure and poor 
electrochemical performance due to the rapid growth of active materials. To 
better tailor the properties of the Mn3O4/CNT composites, a pulse deposition 
with two current stages is employed. The as-fabricated composites have 
achieved hierarchical structures with improved electrochemical performance. 
This chapter demonstrate a wider application of the 3D CNT gel structure. The 
fact that, besides Ni(OH)2, other inorganic materials can be incorporated into 
the CNT extensively wide the application of our 3D structure. 
 
7.2 Structures of Static Deposited Mn3O4/CNT 
The fabrication of the Mn3O4/CNT xerogel composite (denoted as 
MnC-xero) is illustrated in Figure 7.1. The CNT dispersion undergo the 
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gelation process, under ambient atmosphere for two days, to form the 
crosslinked structure as described in Chapter 6. The formation of the 3D CNT 
is caused by the strong van der Waals interactions between CNTs. These 
obtained CNT gels can either go through a drying process to form xerogels, or 
be directly used in the form of hydrogels. When placing CNT hydrogels or 
xerogels at the anode during electrochemical deposition, the Mn ions 
dissolved in the solution are oxidized under the positive voltage to yield 
Mn3O4 precipitation on the CNT hydrogels, as described in Eq. 7.1 below.  
2+ - +
2 3 44H O + 3Mn Mn O + 2e + 8   H      (7.1) 
 
Figure 7.1 Schematic illustration of Mn3O4/CNT composite synthesis. 
 
Figure 7.2 presents the FESEM images of the Mn3O4 deposited on the 
CNT xerogels under static current. As can be seen, the prepared MnC-xero 
composite can be successfully coated on the nickel foam (Figure 7.2a). The 
deposited Mn3O4 in Figure 7.2b exhibits a flaky structure, and the presence of 
CNTs cannot be clearly observed because they might be wrapped by the 
Mn3O4. In order to further investigate xerogel structure, the xerogels are cut 
into pieces, and surface cracks are found in the CNT xerogels at the sectional 
direction (Figure 7.2c).  
In contrast to the “full-filled” structure of NiC-xero or NiC-hdyro 
composites mentioned in Chapter 6, the MnC-xero composites do not fill the 
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macropores of nickel foam, but possess “skin-skeleton” structures. MnC-xero 
composite wraps the nickel backbone, similar to the way skin covering the 
skeleton. Figure 7.2d shows that CNTs are found to be sandwiched between 
the Mn3O4. This structure is similar to the ones of the NiC-xero composites 
with over-deposited Ni(OH)2. It occurs because the growth of Mn3O4 is 
obtained from a rapid one-step oxidation from Mn2+ to Mn8/3+ [224]. This 
reaction is much faster compared with the two-step electrochemical synthesis 
of Ni(OH)2, where NO
3- ions have to be initially reduced to generate OH- ions. 
As a result, the rapid deposition of Mn3O4 induces great stress within the CNT 
xerogels, and transformed them into the thin gel layers. 
 
Figure 7.2 FESEM images of the MnC-xero composite at (a) low and (b) high 
magnification; surface cracks at (c) low and (d) high magnification.  
 
7.3 Electrochemical Performance of Static Deposited Mn3O4/CNT 
Figure 7.3 presents the electrochemical performance of the prepared 
MnC-xero composites. Figure 7.3a shows the CV results with rectangular 
shapes, indicating clearly the ideal characteristics of capacitance performance 
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in the MnC-xero composites. Unlike the Ni(OH)2 based composites, no 
apparent anodic/cathodic shapes can be identified, because of the progressive 
pseudocapacitive reactions [16]. The linear charge/discharge curves in 
galvanostatic charge/discharge (GCD) tests at different current densities also 
demonstrate a capacitive behaviour, as shown in Figure 7.3b. The calculated 
specific capacitances from CV tests are presented in Figure 7.3c. A small 
capacitance of 100 F g-1 can be achieved at a low scan rate of 2 mV s-1. This 
poor electrochemical activity can be attributed to the dense structure of Mn3O4 
synthesized from a rapid anodic deposition, limiting electron transport and the 
effective diffusion of ions.  
 
Figure 7.3 Electrochemical performance of the MnC-xero composites: (a) the 
CV curves at different scan rates, (b) the GCD profiles at different current 




To overcome this problem, a pulse deposition technique is developed 
to tune Mn3O4 properties to achieve better microstructures (Figure 7.4a). 
During the "ON" stage, Mn3O4 are grown on the CNTs under a constant 
current of 2 mA cm-2. At the "OFF" stage, the current is set to zero to facilitate 
ion diffusion from the central plating solution. Therefore, the morphology can 
be carefully controlled to avoid serious aggregations of Mn3O4.  
Figure 7.4b shows the specific capacitances of the MnC-xero 
composites, prepared with different ON / OFF deposition ratios. Compared 
with the galvanostatically deposited Mn3O4, the pulse-deposited composite 
clearly gives better results, with capacitances of over 130 F g-1 at low current 
densities.  
 
Figure 7.4 (a) The first 10 deposition cycles of Mn3O4 and (b) the 
electrochemical performance of gel composites with different ON / OFF 
deposition ratios. 
 
Figure 7.5 present the FESEM images of the different ON / OFF pulse 
ratio. As can be seen, with the increase of the “OFF” duration, the Mn3O4 
flakes can be tuned. And the CNT nest can be easily identified with opening 
pores. It is also interesting to find that, compared with the MnC-xero 
composite, the Mn3O4/CNT hydrogel composite (MnC-hydro) demonstrates a 
higher specific capacitance of above 150 F g-1. The better performance of the 
105 
 
MnC-hydro composite can be attributed to the separated CNTs, which 
effectively prevent the aggregation of Mn3O4. Therefore, further investigation 
is focused on the MnC-hydro composite in this thesis. 
 
Figure 7.5 MnC-xero composite deposited at (a) 10/5 (b) 10/20 ratios. 
 
 
7.4 Structures of Pulse Deposited MnC-hydro  
Figure 7.6 presents the morphologies of the Mn3O4 and MnC-hydro 
composites, using the pulse deposition method. Without the inter-connected 
CNTs inside the hydrogels, Mn3O4 merely stays at the surface of the nickel 
foam, leaving the majority of cavities in the nickel foams unoccupied (Figure 
7.6a). Figure 7.6b shows that the deposited Mn3O4 is composed of severely 
stacked nano-flakes in the absence of CNTs. This kind of aggregations hinders 
ion diffusion and extends the electron pathways, leading to poor 




Figure 7.6 FESEM images of Mn3O4 on the nickel foam at (a) low and (b) 
high magnifications; the MnC-hydro composite at (c) low and (d) high 
magnifications 
 
For the MnC-hydro composite, the hydrogels fully occupy cavities 
inside the nickel foams (Figure 7.6c). In this structure, CNT hydrogels serve 
as a micro-scaffold to transport electrons and prevent aggregations of Mn3O4. 
At the same time, Mn3O4 plays a role as a capacitance enhancer. Figure 7.6d 
shows that the CNT micro-scaffold presents a 3D randomly-crosslinked 
network with Mn3O4 nano-flowers distributed homogeneously, with an 
average size of 300 ~ 400 nm. The mesopores woven from the CNTs are 
believed to effectively facilitate the ion diffusion process, to boost device 
performance [111].  
More detailed microstructure information of the materials is revealed 
by the TEM, as displayed in Figure 7.7. For the Mn3O4 directly deposited on 
the nickel foam, it consists of assembled particles with a size of around 
approximately 50 nm, which severely stack together (Figure 7.7a). For the 
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MnC-hydro composite, the CNTs formed several bundles of diameter ~ 10 nm 
as a micro-scaffold (right inset in Figure 7.7b), probably due to the capillary 
force during the aging period. This micro-scaffold structure can improve the 
electrical conductivity of electrode materials, and is effective in preventing 
Mn3O4 aggregations.  
 
Figure 7.7 TEM images of (a) the Mn3O4 and (b) the MnC-hydro composite 
and SAED patterns of (c) the Mn3O4 and (d) the MnC-hydro composite. 
 
From the SAED images presented in Figure 7.7c and 7.7d, the 
diffraction patterns can be ascribed to the (103), (004), (224) crystal planes of 
Mn3O4 (JCPDS No. 18-0803), and this is also consistent with other reports 
[225]. No diffraction patterns from CNTs are found, possibly due to their low 
content in the composite. The compositions of the Mn3O4 and MnC-hydro 
composite are also confirmed by an energy-dispersive X-ray spectroscopy 
(EDX), in which the atomic ratios between Mn and oxygen are close to 3:4, as 




Table 7-1 EDX results of the Mn3O4 deposited on the nickel foam. 
Element Weight % Weight % Atom % Atom % 
                                                    Error                                     Error 
O  13.76  ± 0.12  36.30  ± 0.31 
Mn  34.40  ± 0.45  26.43  ± 0.34 
Ni  51.84  ± 1.54  37.27  ± 1.10 
Total  100    100    
                            
Table 7-2 EDX results of the MnC-hydro composite. 
Element Weight %  Weight % Atom % Atom % 
                                                    Error                                     Error 
C  16.99  ± 1.00  39.24  ±2.31 
O  16.09  ± 0.87  27.90  ±1.51 
Mn  38.56  ± 2.38  19.47  ±1.20 
Ni  28.35  ± 3.43  13.40  ±1.62  
Total  100    100    
                           
7.5 Electrochemical Performance of Pulse Deposited MnC-hydro           
Figure 7.8 presents the electrochemical performance of the pure Mn3O4 
and the MnC-hydro composite, measured with the three-electrode 
configuration. Figure 7.8a displays the CV curves of the Mn3O4 and the MnC-
hydro composite at 5 mV s-1. Compared with the pure Mn3O4, the 3D MnC-
hydro composite exhibits a larger enclosed area, indicating a higher specific 
capacitance. Broad anodic and cathodic peaks of  the MnC-hydro composite 
are found at 0.62 and 0.47 V, respectively, because of the redox nature of 
Mn3O4 
[226]. The CV curves of the MnC-hydro composites at different scan 
rates are given in Figure 7.8b. Their symmetric feature demonstrates a good 
reversibility of the electrode materials. Benefiting from the high electrical 
conductivity of the 3D CNT structure, the CV loop still maintains a near-
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rectangular shape at a high scan rate of 100 mV s-1. The calculated specific 
capacitances are 182, 160, 148 135, 127 119, 113 and 91 F g-1 at 2, 5, 10, 20, 
30, 40, 50 and 100 mV s-1, respectively.  
 
Figure 7.8 Electrochemical performance of the Mn3O4 and the MnC-hydro 
composite: (a) CV curves at low scan rate of 5 mV s-1, (b) CV of the MnC-
hydro composite at different scan rates, (c) GCD curves of the MnC-hydro 
composite at different current densities, and (d) the specific capacitances 
calculated from GCD. 
 
The GCD profiles of the MnC-hydro composite at current densities 
from 0.38 to 19.22 A g-1 are given in Figure 7.8c. The near-linear charge and 
discharge curves with little curvature reflect the ideal capacitor behaviour. As 
seen in Figure 7.8d, the MnC-hydro composite presents a higher capacitance 
at low discharge rate as well as a good retention (71.6%) at high discharge rate 
of 19 A g-1.  
It is should be noted that the specific capacitances of MnOx are 
strongly related to its thickness on the electrodes [227]. Depositing a thin layer 
active material on substrate can dramatically improve the gravimetric 
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capacitance. Unfortunately, this strategy usually results in an ultra-low areal 
and volumetric capacitance, limiting the applications of active materials [168]. 
For example, specific capacitances of more than 200 F g-1 have been 
previously reported for Mn3O4. However, they suffer from a low areal 
capacitance due to a low mass loading (<1 mg cm-2) [164,228–230]. Nevertheless, 
for the MnC-hydro composite, due to a large mass loading of over ~2 mg cm-2, 
a high areal capacitance of 400 mF cm-2 can be reached (Figure 7.9).  
 
Figure 7.9 Areal capacitances of the MnC-hydro composite and the Mn3O4 at 
different scan rates. 
 
The cycling performances of the Mn3O4 and MnC-hydro composite are 
presented in Figure 7.10a. The MnC-hydro composite presents a gradual 
capacitance drop over 1000 cycles, with a final retention of 68.9%. The quick 
degradation of active materials is caused by electrolyte deterioration in an 
unsealed three-electrode cell. For the Mn3O4, a sharp drop in capacitance is 
found after the initial activation capacitance. Then, the specific capacitance 
stabilizes at about 80 F g-1. The final specific capacitance is only 61.7% of the 
stable capacitance. Figure 7.10b shows the EIS results of Mn3O4 and the MnC-
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hydro composite. The equivalent series resistances (ESR) of Mn3O4 and the 
MnC-hydro composite are 1.95 and 1.41 Ohm. The charge transfer resistances 
(Rct) of Mn3O4 and the MnC-hydro composite are determined to be 0.41 and 
0.55 Ohm, respectively, corresponding to the diameter of the depressed 
semicircles at a high-frequency region [178]. The smaller ESR of Mn3O4 is 
attributable to the good host (CNT)/guest (Mn3O4) materials interface, which 
effectively facilitates the electron transport process. 
 
Figure 7.10 (a) Long term cycling stability and (b) EIS results of the Mn3O4 
and the MnC-hydro composite. 
 
For the measurement of the electrochemical performance of the full 
cell, activated carbon is chosen as the material for the negative electrode in the 
assembly of an asymmetric supercapacitor. The CV curves, at 30 mV s-1, of 
the activated carbon (negative) and MnC-hydro (positive) electrodes are 
presented in Figure 7.11a. The activated carbon processed a working potential 
ranging from -1 to 0 V vs. SCE, and at the same time, the MnC-hydro 
composite could successfully work within a potential range of 0 ~ 1 V vs. SCE. 
Therefore, the potential window of the assembled asymmetric supercapacitor 




Figure 7.11 Electrochemical performance of the asymmetric supercapacitor: 
(a) comparative CV curves of activated carbon and MnC-hydro composite at 
30 mV s-1, (b) CV curves of the asymmetric supercapacitor measured at 
different potentials at 30 mV s-1, (c) the GCD curves of the asymmetric 
supercapacitor at different current densities, and (d) the specific capacitances 
from GCD tests. 
 
To demonstrate this estimation, CV tests of the MnC-hydro based 
asymmetric supercapacitor are carried out at different potential windows, as 
shown in Figure 7.11b. A rectangular loop can be observed with a potential 
window extending from 1 to 2 V, suggesting good stability under a higher 
potential. The increased working potential brings about a higher energy 
density, as well as an increased specific capacitance, indicated by an increase 
in current. The improved electrochemical performance under higher potential 
is related to a deeper activated Mn3O4 
[231]
 .  
The GCD profiles of asymmetric supercapacitors using MnC-hydro are 
displayed in Figure 7.11c. A charge potential of 2 V can be reached at 
discharge rates from 0.5 to 10 A g-1. The higher specific capacitance of MnC-
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hydro, compared to the pure Mn3O4, gives a better electrochemical 
performance of the positive electrode (Figure 7.11d).  
The cycling stabilities of two kinds of asymmetric supercapacitors are 
shown in Figure 7.12a. After the short activation process, the MnC-hydro 
composite reaches a stable specific capacitance of above 25 F g-1, and 
achieves a good retention of 103.9 % after 1000 cycles. The higher 
capacitance, as compared with the 1st cycle, is related to an activation due to 
electrolyte infiltration. For Mn3O4, only 84.0 % of the original capacitance is 
reserved. To further understand the power and energy performance of the 
assembled asymmetric supercapacitors, Ragone plots are given in Figure 
7.12b. A high specific energy of 26.6 Wh kg-1 and 5.6 kW kg-1 is achieved for 
the MnC-hydro composite, which is better than the results for pure Mn3O4 and 
from other related reports [232–237].  
The device performance of a supercapacitor is determined by both 
negative and positive electrodes. Although the usage Ni(OH)2 or Mn3O4 as 
positive electrode in this work brings a high specific capacitance, the specific 
energy of the device is limited no more than 27 Wh kg-1 due to the poor 
electrochemical performance of negative electrode (activated carbon). It is 
reported recently that by using the graphene or graphene/CNT composites, the 
energy density of the supercapacitor can be further improved to 33 Wh kg-1 
[238]. By partially converting the current collector to the electrode materials, an 
ultrahigh specific energy of 90 Wh kg-1 [239]. Instead of using the carbon 
negative electrodes, an asymmetric supercapacitors using Mn3O4 as positive 
electrode and Ni(OH)2 as negative electrodes are fabricated with specific 
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energy of 0.35 mWh cm-3 (~ 52 Wh kg-1 ) [231]. Therefore, by using better 
negative electrodes, the specific energy of the device can be further improved. 
 
Figure 7.12 (a) Cycling performance and (b) Ragone plots of Mn3O4 and the 
MnC-hydro asymmetric supercapacitors.  
 
To investigate the degradation mechanism of the electrode materials, 
Mn3O4 and the MnC-hydro composite are characterized using FESEM after 
1000 cycles, as seen in Figure 7.13. As can be seen, a large number of surface 
aggregations is observed in Mn3O4 (Figure 7.13a). The large surface changes, 
as compared to the pristine Mn3O4 before cycling (Figure 7.13b), could be 
attributed to the structural changes occurring during surficial ion intercalation 
in the long term cycling test. For the MnC-hydro composite after cycling tests, 
a morphology changes to a nest-like structure with bundled CNTs was 
observed. This structure is very similar to the NiC-xero presented in Chapter 6, 
in which pseudocapacitive are embedded in CNT nests also delivered good 
cycling stability. The improved cycling performance can be attributed to the 
electron pathways established by the CNTs and the nano-sized Mn3O4, 





Figure 7.13 FESEM images of (a) the Mn3O4 and (b) the MnC-hydro 
composite after cycling. 
 
7.6 Summary 
In summary, Mn3O4/CNT hydrogels were successfully developed for 
supercapacitor applications. A high areal capacitance of above 473 mF cm-2 
was achieved. The assembled asymmetric supercapacitor could reach a 
potential of as high as 2 V in the aqueous electrolyte. Compared with the pure 
Mn3O4 deposited on the nickel foams, the developed Mn3O4/CNT hydrogels 
(MnC-hydro) in this chapter had superior electrochemical performance, in 
terms of both high capacitance and better cycling stability. This improvement 
could be attributed to the advantages of the CNT micro-scaffold structure, 
which (i) served as an electron transport highway and (ii) inhibited serious 
aggregation of active materials.  This chapter also confirmed the hypothesis 
presented in Chapter 6 that the 3D structure is sensitive to the internal stress 
generated by the introduction of pseudocapacitive guests. The over-deposition 
of pseudocapacitive materials such as Ni(OH)2 and Mn3O4 can convert the 






Chapter 8 : Conclusions and Recommendations 
8.1 Conclusions 
In this thesis, CNT composites with different dimensional structures, 
including zero-dimensional (0D) powders, two-dimensional (2D) films and 
three-dimensional (3D) gels were successfully developed for supercapacitor 
applications. CNTs were employed in the composites as conducting 
components, and the pseudocapacitive Ni(OH)2 and Mn3O4 were used as 
capacitance enhancers. 
First of all, an environmentally-friendly and facile synthesis method 
was developed to prepare the powder-based Ni(OH)2/CNT composites. These 
composites showed a sandwich structure where the hexagonal Ni(OH)2 was 
imbedded between the CNTs. Compared with the pure Ni(OH)2, the CNTs in 
composites successfully prevented aggregations of pseudocapacitive materials, 
and significantly improved electrochemical performance. Besides, the larger 
surface area of Ni(OH)2/CNT composites was confirmed by nitrogen isotherm 
adsorption, according to BET calculations. This porous structure played a key 
role in enhancing capacitance performance, by providing effective ion 
diffusion channels. An anomalous cycling behaviour of Ni(OH)2/CNT was 
also clearly identified. The initial activation process was related to an 
electrolyte wetting process, while the subsequent decay in capacitance could 
be attributed to the phase transformation from α-Ni(OH)2 to β-Ni(OH)2. 
In the powder-based composites, there were mainly two issues to 
concern for the improvement of electrochemical performance. The fabrication 
of electrodes still required polymer binders and carbon additives, which 
hampered the electrical conductivity of the whole composite. It would also be 
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better to establish an interconnected CNT network to further improve the 
conductivity of the composite. 
Based on these concerns, 2D film-like CNT composites were 
developed using FFCVD for supercapacitor applications. With a continuous 
supply of carbon feedstock, a free-standing interconnected CNT network 
could be established. These CNT films were able to be directly used as 
supercapacitor electrodes without the need for polymer binders. The 
rectangular shape of their CV curves evidently demonstrated a good electrical 
conductivity. However, the specific capacitance of the CNT films was below 
16 F g-1. 
To further increase the specific capacitance of CNT film, 
pseudocapacitive Ni(OH)2 was introduced into the CNT film via a facile 
electrochemical deposition. The Ni(OH)2/CNT thin film composites presented 
different morphologies and electrochemical properties with different Ni(OH)2 
content. The composite with optimized Ni(OH)2 content showed a core-shell 
structure with a high specific capacitance of over 1300 F g-1. Due to the 2D 
interconnected CNTs, pseudocapacitive Ni(OH)2 was limited on a flat surface 
with little thickness. Further increases of Ni(OH)2 caused aggregations and 
negatively affected the electrochemical performance. To further improve the 
electrochemical properties of the composite, it is essential to extend the 2D 
inter-connected CNT to a 3D network. 
A sol-gel method was developed to fabricate 3D CNT gels, by coating 
nickel foam with the CNT dispersion. Two types of gel structures, xerogel and 
hydrogel, were successfully developed, depending on whether the CNT gels 
were dried naturally or by using supercritical carbon dioxide. Both CNT 
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xerogels and hydrogels were made from the randomly oriented CNT network. 
It was found that CNT bundles in the xerogels were much larger than those in 
the hydrogels, due to the strong capillary process via the direct drying process. 
Moreover, the xerogel presented a higher specific capacitance in comparison 
to the hydrogel, possibly due to a better electrical conductivity.  
By introducing Ni(OH)2 inside the CNT xerogels and the CNT 
hydrogels, specific capacitances can be further raised to over 1000 F g-1. The 
high specific capacitances of the Ni(OH)2/CNT hydrogel and xerogel 
composites were much better than those of the Ni(OH)2
 deposited on nickel 
foam. It is worth noting that compared to the hydrogel composite, the 
Ni(OH)2/CNT xerogel composite presented a much more stable cycling life, 
attributing to the 3D nest-like structures of the xerogel. In this structure, the 
CNT wrapped the Ni(OH)2 as a buffer layer to accommodate the volume 
changes and thus, improved its cycling stability. 
Similar to Ni(OH)2, pseudocapacitve Mn3O4 was also incorporated into 
the CNT gel to investigate the roles of the 3D CNT structure in electrode 
design, and to also further extend the potential window. Initially, Mn3O4 was 
deposited on the CNT xerogels under a static current. The prepared 
Mn3O4/CNT xerogel composite exhibited low specific capacitances below 100 
F g-1, because of the inhomogeneous structure with the dense Mn3O4. 
To overcome this obstacle, we developed pulse deposition to tune the 
electrochemical performance. A zero-current rest stage could efficiently 
facilitate ion diffusion during electrochemical deposition, to obtain samples 
with better structures. Therefore, a better electrochemical performance with 
specific capacitances over 160 F g-1 was achieved, which was much better 
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than that of the pure Mn3O4. Unlike Ni(OH)2, when using the Mn3O4/CNT 
hydrogel composite as the positive electrode, the assembled supercapacitors 
could reach a potential of as high as 2 V. Although the specific capacitance of 
the Mn3O4/CNT hydrogel composite was smaller than that of the 
Ni(OH)2/CNT hydrogel composite, the overall energy and power performance 
was almost identical, demonstrating the advantages of the 3D CNT structure. 
The novelty of this thesis mainly includes: (i) an environmentally-
friendly and facile method developed to synthesize the powder-based nano-
flaky Ni(OH)2/CNT composite, using urea as a hydrolysis agent. The cost-
effective synthesis process renders this suitable for large-scale production. The 
electrochemical performance of this composite was evaluated on both three- 
and two- electrode configurations. (ii) For the first time, a continuous 
fabrication process of 2D CNT films for supercapacitor applications was 
developed and investigated. The derived Ni(OH)2/CNT film composites 
achieved satisfactory electrochemical performance. (iii) CNT hydrogel and 
xerogel based 3D structures were developed and used in the field of 
supercapacitors for the first time. Both Mn3O4/CNT and Ni(OH)2/CNT gels 
demonstrated an improved performance compared to the pure Mn3O4 or 
Ni(OH)2. 
 
8.2 Recommendations  
Because only Ni(OH)2 was brought into 2D films for supercapacitor 
applications, it would also be convenient to deposit MnOx on CNT films as 
electrode materials. Potential deposition techniques include cathodic, anodic, 
chemical bath and pulse laser deposition. The prepared 2D composites are also 
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believed to possess remarkable electrochemical properties, due to the 
interconnected CNT network. 
When assembling full cell of supercapacitor, active carbon as negative 
was selected electrodes due to its commercial availability and low cost. The 
overall performance of supercapacitor is limited to the activated carbon whose 
specific capacitance is merely 100 F g-1. When using more advanced carbon 
materials such as graphene and nitrogen doped porous carbon as the negative 
electrode, the performance could be further enhanced [30]. 
In this work, nickel foam is still necessary as a macro-scaffold to 
maintain the mechanical rigidity of the 3D electrodes. It was later found that 
nickel can be etched to obtain the all-carbon structure. However, it was 
difficult to utilize them as electrodes, due to the low mechanical strength of 
the CNT gel without nickel foam. Currently, it has been found by us that by 
coating the CNT with a conducting polymer, such as polypyrrole, inside the 
gels, the mechanical strength can be dramatically increased, thus a free-
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